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Abstract: The knowledge of the flow behavior of metallic alloys subjected to hot forming operations
has particular interest for metallurgists in the practice of industrial forming processes involving
high temperatures (e.g., rolling, forging, and/or extrusion operations). Dynamic recrystallisation
(DRX) occurs during high temperature forming over a wide range of metals and alloys, and it is
known to be a powerful tool that can be used to control the microstructure and mechanical properties.
Therefore, it is important to know, particularly in low stacking fault energy materials, the precise time
at which DRX is available to act. Under a constant strain rate condition, and for a given temperature,
such a time is defined as a critical strain (εc). Unfortunately, this critical value is not always directly
measurable on the flow curve; as a result, different methods have been developed to derive it. Focused
on carbon and microalloyed steels subjected to laboratory-scale testing, in the present work, the state
of art on the critical strain for the initiation of DRX is reviewed and summarized. A review of the
different methods and expressions for assessing the critical strain is also included. The collected data
are well suited to feeding constitutive models and computational codes.
Keywords: critical strain; onset dynamic recrystallisation; dynamic restoration; softening; hot rolling;
strain hardening rate; steels
1. Introduction
Recrystallisation during hot working operations of metals and metallic alloys (temperature in the
range of 0.5–0.9Tm, where Tm is the absolute melting temperature [1–3]) is commonly called dynamic
recrystallisation (DRX) or discontinuous dynamic recrystallisation (dDRX) and has been broadly
investigated in the past decades. Jonas [4] pointed out that DRX is accepted as one of the most relevant
and meaningful mechanisms available for the control of microstructure under industrial operations.
DRX is able to cause a great impact on the hot flow behavior, affecting the microstructure and properties
of the material after processing. The desired mechanical properties can be achieved by acting on the
DRX kinetics [4]. Frequently, the presence of DRX is indicated by a well-defined peak stress value
(σp) on the experimental true stress–true strain (σ–ε) curves. However, DRX may be initiated at strain
values lower than those corresponding to the peak stress [5–7]. DRX can also take place in many
metallic alloys, even though no clear peak stress is observed. Ignoring cases of recrystallisation of the
multiple peaks type, because of the small interest from an industrial point of view, and under specific
deformation conditions, the behavior of low stacking fault energy (SFE) materials differs from that of
high SFE materials, and can engender two well-differentiated behaviors and DRX flow curves. In both
cases, at low strains, strain hardening and softening by dynamic recovery (DRV) are the deformation
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controlling mechanisms. In high SFE materials, the strain hardening can be compensated by DRV and
a steady state in stress is finally attained (σsDRV), where DRV is the main restoration process [1,8]. This
behavior is characterized by a continuous increase in the flow stresses during plastic deformation.
The presence of the DRV promotes equilibrium and the rate of strain hardening (SH) progressively
decreases with straining and becomes minima at high strains, leading to a steady state stress. This
behavior appears and remains just after the maximum stress, as shown in Figure 1.
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On the other hand, in low SFE materials such as gamma-iron austenite (γ-Fe), the DRV kinetics is
slow, allowing DRX to take place because the large amount of dislocations generated during work
hardening is not annihilated. Therefore, it can be assumed that, once a certain critical dislocation
density value ρc (associated to a critical strain) is reached, DRX is activated as an additional softening
mechanism. For a given material, the critical dislocation density depends on the strain rate, temperature,
chemical composition, and grain size. Under low strain rate conditions, and when the critical density
value is attained, DRX is initiated mainly by the bulging of pre-existing grain boundaries. In the
case of high strain rates, DRX is initiated by the growth of high angle boundaries (HAB) formed by
dislocation accumulation. As a consequence of this, the local differences in the dislocation density
gradient over the grain boundary surrounding area act as the driving force for the nucleation of the new
nuclei [9]. Then, this is followed by the long-range migration of HAB. Conventional DRX is considered
to be a two-step process governed by the following: (i) nucleation and (ii) grain growth [8]. The
flow curve displays a peak in stress, after which stress values gradually decrease until a steady state
(σssDRX) is attained. The latter state reflects the dynamic equilibrium between strain hardening and
strain softening due to the formation of new grains and the associated grain boundary migration [10].
Consequently, the steady state stress can be achieved both via DRV (high SFE materials) as well as via
DRX (moderate to low SFE materials). Gottstein et al. [11] point that the strain is not a state variable
of crystal plasticity and therefore, in order to be precise, is more appropriate to talk about critical
conditions for microstructural instability rather than to critical strain. As strain itself does not describe
the current state of the material but the history of the deformation, often some models formulate the
critical strain for DRX in terms of a critical dislocation density or deformation resistance for a given
grain size [12].
As mentioned above, DRX is in fact initiated before the strain corresponding to the peak stress.
The scientific literature reports that this particular value of strain is linked with the minimum amount
of stored energy induced by deformation needed to start DRX [13,14] and is defined as the critical
strain for the onset of dynamic recrystallization εc, associated with the critical stress σc. Consequently,
as already stated, a critical dislocation density value is necessary in order to initiate DRX. Generally,
this critical value is related to the nucleation by the formation of mobile high angle boundaries
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simultaneously with the straining conditions. The nucleation of DRX in polycrystals can be originated
at high angle boundaries such as original grain boundaries, boundaries of dynamically recrystallised
grains, and/or high angle boundaries created during deformation (deformation bands/twins). Bulging
and serration of grain boundaries are frequently observed as a prelude to dynamic recrystallization,
and it is usually assumed that a mechanism closely related to strain-induced grain boundary migration
operates [1,7,15,16]. Excellent references regarding nucleation and grain growth mechanisms can be
consulted in the article published by Rios et al. [17].
For a single peak behavior (related to grain refinement [8,18]), nucleation mainly occurs
along existing grain boundaries, and this situation is referred to as the so-called necklace
microstructure [8,18,19]. The growth of each grain is stopped by the concurrent deformation. When
all the grain boundary sites are occupied and exhausted, further new grains are nucleated within the
primary grains at the interface of the recrystallised and un-recrystallised grains [20–22]. On the other
hand, for the multiple peak case, the growth of each new grain is terminated by boundary impingement
and not by the concurrent deformation [23].
Wray [13] was the first to highlight that the critical strain corresponds to the application of a
minimum amount of energy required to start the DRX. This critical amount of energy reflects the
upper limit of energy that can be stored in the material [13]. This value is a necessary condition for
starting DRX, but it may not be a sufficient condition. In fact, the initiation of DRX further requires that
any counterpart to the energy stored, for example, the energy dissipation rate, also reaches a critical
value [14].
For a given material, the characteristics of the dynamic recrystallisation behavior (i.e., the critical
strain value) depend mainly on several parameters and factors, namely, the chemical composition of
the alloy, the grain size prior to the deformation, the temperature and strain rate, the deformation
mode (torsion, compression, etc.), and the applied thermomechanical cycle. The critical strain for
the onset of DRX decreases with a decrease in the prior grain size, with a decrease in strain rate, and
also with a temperature increase [1,7,15,24]. Also, the DRX kinetics is affected by the precipitation of
second phases [25]. Accordingly, some significant physical properties of the system change with the
temperature and/or strain rate. Two of them are closely related to the initiation of DRX: (i) the driving
force for dynamic recrystallisation and (ii) the mobility of the sub-boundaries. The former will decrease
with decreasing strain rate or increasing temperature, as the dislocation density generated at any
given level of strain will be lower. The mobility of the sub-boundaries (in absence of precipitation or
segregated impurities) is a function of the diffusivity, and thus increases with increasing temperature,
but it is relatively insensitive to the strain rate. The rest of the properties concern the segregation
rate [26].
It can be seen, for example, that the values of the peak strain (εp) determined in torsion solid
samples are higher (by a factor of ~1.3 to 2.6) than the values of the peak strain determined in the
compression mode [7,27]. Weiss and colleagues [27] have affirmed that the measurement of the
peak strain and the recrystallisation strain (εx) by different testing methods led to conflicting results
because of the different contributions of friction, texture change, slip geometry, adiabatic heating, and
localization for each technique, as shown in Figure 2. For a single peak DRX behavior, Weiss et al. [27]
represented the recrystallisation strain εx as the additional strain to εp required to reach the steady
state regime. In the case of multiple peaks DRX behavior, εx was defined as the additional strain to εp
that is required to reach the strain value corresponding to the minimum stress value of the first cycle of
DRX. This concept is slightly similar to the original analysis published by Luton and Sellars [5], based
on the mechanical aspects of dynamic recrystallization, and where εx represents the additional strain
to εc, required to reach the steady state regime.
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Also, the initial grain size has a notorious influence on the DRX kinetics and microstructure
owing to changes in the grain-boundary surface area conditions, thus affecting the nucleation kinetics.
The finer the microstructure (initial grain size), the lower the critical and peak strains. Dislocations can
accumulate more rapidly in a microstructure having a minor grain size; therefore, a higher specific
grain boundary area–volume ratio promotes faster DRX kinetics. A decrease in the initial grain size
can accelerate the onset of the DRX, increase the DRX kinetics, and also affect the microstructural and
mechanical properties of the deformed structure [7,10].
The value of the critical strain for the onset of DRX is an important parameter employed in the
mathematical modeling of the microstructural evolution during rolling, forging, or extrusion loads in
metallic alloys. Knowledge of the aforementioned critical strain is a requirement for the prediction
of the operating softening mechanisms in hot working processes [28]. Moreover, understanding the
behavior of alloys subjected to hot forming operations is essential for industrial engineering and
designers [29]. Valuable information for modeling features of these processes such as the kinetics of
transformations, mechanical properties, or microstructure evolution, among others, can be obtained.
After the introduction, this paper is organized as follows. In Section 2, a resume of the main
different alternative ways to determine the critical strain for the initiation of DRX is conducted.
Subsequently, an extended collection of experimental data (approximately 320 experimental values)
regarding the peak strain exponent (m; see Equations (1a) and (1b)), mainly associated to the strain
rate through the Zener–Hollomon parameter [30], is presented in Section 3. Also, in Section 3, an
analysis of the collected and reviewed experimental data of the peak strain and/or the critical strain
exponent m, as a function of the carbon equivalent content (Ceq) of the alloy, is performed. These
data are collected and listed in Appendix A. Finally, the conclusions of this study are presented in
Section 4. In order to facilitate the easy following of the large number of equations a list of symbols is
offered in Abbreviations. This literature review article is an extension of work previously conducted
by Varela-Castro et al. [31].
2. Literature Review
The onset of DRX is truly dynamic and cannot be easily extracted from the stress–strain curves.
Then, and for simplicity, some authors state that the value of deformation needed to start DRX is
proportional to the peak strain εp [32]; εc = aεp, where a is a coefficient of proportionality. In this regard,
it should be mentioned that, usually, the peak strain and the critical strain for dynamic recrystallisation
are related by a factor ranging between 0.5 and 0.90, with 0.8 being the most commonly reported value




several facts that can explain the relative scatter observed in the literature for Rε. Apart from a possible
dependence of this relationship on a given material, the test method employed can significantly affect
the measurement of εc [27].
As already stated, the obtaining of the strain associated to the DRX initiation may be difficult,
and several evaluation methods have been proposed. Generally, it is possible to differentiate in the
literature four different ways to determine the critical strain for the onset of DRX, namely, (i) through
metallographic determination, (ii) by using analytical expressions for εc or εp (assuming Rε), (iii) by
applying methods to calculate the critical strain εc for DRX, and (iv) by direct calculation of the critical
strain ratio applying analysis of constitutive models as well as through application of constitutive
physically-based models to derive the DRX nucleation. In the forthcoming paragraphs, details of
each category are provided. The collected data (see Table A1 in Appendix A) comprise valuable
data obtained from plain carbon steels, microalloyed steels, stainless steels, and high-alloy steels
(e.g., transformation induced plasticity (TRIP) and twinning-induced plasticity steels (TWIP) steels)
reported in the scientific literature. The consulted bibliography includes compression, torsion, tensile,
and rolling testing data.
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2.1. Metallographic Determination
The determination of the critical strain for initiation of DRX through metallography and
metallographic observation techniques involves a pronounced effort on the implementation of an
extensive number of tests, sample preparation, and examination. This may be a very time-consuming
task. Several authors have shown the microstructure evolution during hot deformation from critical
to steady state conditions. Moreover, depending on the facilities, post-dynamic phenomena can
occasionally occur and, in addition to the instability of austenite at room temperature, the detection of
the initiation of DRX can be not accurate enough by employing classical metallography. Additionally,
cooling from hot working temperature during quenching can promote phase changes that can alter the
deformed microstructure, which in turn adds difficulty to the metallographic analysis. In the following,
some examples are cited.
Luton and Sellars [5], working with pure Ni and Ni–Fe alloys tested in torsion at approximately
1033 K (760 ◦C) to 1553 K (1280 ◦C) and 2.0 × 10−3 to 4.0 s−1, have evidenced through metallographic
observation that new recrystallised grains appear when the peak stress had been attained. It is
reasonable to assume that the strain value associated to the peak stress was closely related to the
critical strain for dynamic recrystallisation [5,34]. Glover and Sellars [35], in torsion of ferrite tested
at 773 K (500 ◦C) to 1073 K (800 ◦C) and 3.8 × 10−4 to 6.4 s−1, have argued that, when DRX takes
place, the critical strain for the onset of dynamic recrystallisation is the most important parameter in
determining the flow stress. Also, Glover and Sellars [35] have remarked that the values of critical
strain for DRX lie systematically below the measured values of the strain associated to the peak strain.
Sah and colleagues [20] studied the effect of the initial grain size of pure nickel under hot torsion and
revealed via metallography that, before the peak torque is reached, a well-developed dynamically
recrystallised microstructure was formed. Also, they showed that, when grain size decreases, the rate
of recrystallisation increases markedly and is accompanied by a decrease in the critical strain for DRX.
Meanwhile, Ouchi and Okita [22], working on high strength low alloy and stainless steels under hot
compression testing (5.0 × 10−4–10.0 s−1 and 1173 K (900 ◦C)–1473 K (1200 ◦C)), developed a rapid
cooling system to investigate the microstructural changes associated with DRX in order to avoid static
recovery and recrystallisation. Metallographic examination revealed that dynamic recrystallisation
started at a fraction of approximately 0.8 of the peak strain, originated by local bulging of grain
boundaries. A similar study was performed by Maki and colleagues [36,37]. These authors analyzed
the DRX behavior of austenite in an 18-8 stainless steel and an 18 Ni maraging steel by microstructural
observations of the water-quenched specimens deformed under tensile deformation, applying different
strain rates and temperatures, ranging from 1073 K (800 ◦C) to 1473 K (1200 ◦C) and from 1.0 × 10−3
to 1.0 × 10−1 s−1, respectively. They identified the critical strain value for the occurrence of dynamic
recrystallisation from the tensile hot flow curve using optical micrographs showing the progress of
DRX of austenite with strain.
Additionally, the work published by Ueki et al. [38] was conducted in order to clarify the behavior
of DRX in non-ferrous metals and alloys on the basis of the results obtained from mechanical tests
and microstructural observations. The investigators critically discussed the factors that influence
the occurrence of DRX and proposed a new way of classifying the operative dynamic restoration
processes. They examined the high-temperature mechanical behavior of Cu, Cu–Al alloys, and Ni
using torsional testing with hollow samples in conjunction with microstructural observations on
deformed and quenched specimens using both optical and transmission electron microscopy (TEM).
More recently, Dehghan-Manshadi et al. [39,40], under torsion experiments, investigated the hot
deformation behavior of an austenitic stainless steel (AISI 304) in order to characterize the evolution of
the dynamically recrystallised structure at temperatures and strain rates in the domain of 1123 K (850 ◦C)
to 1373 K (1100 ◦C) and 1.0 × 10−3 to 1.0 s−1, respectively [39]. The authors used common sample
metallographic preparation and electron backscattered diffraction (EBSD) techniques to analyze the
evolution of the microstructures during hot deformation from the critical to steady state. Furthermore,
the rate (slope) of the work hardening rate curves was used to identify the critical strain for the initiation
Metals 2020, 10, 135 7 of 58
of DRX by applying the mathematical approach proposed by Poliak and Jonas [14,29], as explained later
in Section 2.4. For example, at 1173 K (900 ◦C) and 1.0× 10−2 s−1 and at strain of 0.4, Dehghan-Manshadi
et al. [39] showed that formation of new grains can occur, even at lower strains than the critical strain
predicted (~0.45). Also, microstructural analysis indicated that DRX was operative over an extensive
domain of deformation conditions even when the curves showed continuous work hardening behavior.
A similar analysis was previously reported by Stewart et al. [41], where a kinetic model of DRX for
an austenitic stainless steel and a hypereutectoid plain carbon steel was derived using compression
testing over the range of 1173 K (900 ◦C) to 1373 K (1100 ◦C) (at a constant strain rate of 1.0 × 10−1 s−1)
and electron backscatter diffraction. This technique allowed faster and more accurate measurement of
the grain size and recrystallised fraction, as well as the corroboration of the critical strain for initiation
of DRX and the strain to achieve maximum softening. Beladi and co-workers [42], using hot torsion
tests, also reported a similar approach for an Ni-30% Fe alloy.
2.2. Analytical Expressions for εc or εp
Perhaps the easiest way to determine the critical strain εc for a given material is through the
assumption of a critical strain ratio and to derive the critical strain through an analytical expression
for the peak stress as a function of testing conditions and microstructure. To organize and facilitate
the understanding of the present paper, all the following expressions are cited in a general way, so
in some cases, the name of the parameters are not exactly the same as those reported by the authors.
Equation (1a), suggested by Sellars [33], represents one of the most commonly and widely reported
empirical relationships for the determination of the peak strain as a function of the thermomechanical
variables. In addition, in the following paragraphs, a certain number of relationships suggested in the
scientific literature will be described with respect to their ability to approximate experimental data.
Almost 90% of the published data in Table 1 correspond to the following power law (see Equations (1a)
and (1b)):
εp = kdn0 Z
m (1a)
εp = KZm, (1b)
where k, K, n (usually equal to 0.5 [33]), and m are material dependent constants; d0 is the initial grain











ε is the strain rate (s−1), Qhw is the activation energy for hot deformation (J·mol−1), R is the
universal gas constant (J·mol−1·K−1), and T is the absolute temperature (K). All cases where kdn0 = K
will be referenced using the equation number without distinction between the types (a) or (b). In those
cases where the initial grain size is kept constant, Equation (1a) can be simplified into Equation (1b) [43].
These expressions have been developed empirically and take into account the influence of the initial
microstructure, through the grain size prior to deformation d0, and the deformation conditions through
the Zener–Hollomon parameter Z.
Mintz et al. [44,45], working with C–Mn and C–Mn–Al steels and studying the influence of DRX
on the tensile ductility at high temperature in the range of 973 K (700 ◦C) to 1423 K (1200 ◦C) and strain
rates ranging between 3.0 × 10−4 and 3.0 × 10−2 s−1, proposed the following empirical relation in order










where k1 and k2 are numerical constants. Grain size is an important factor controlling the peak strain,
because it defines the number of nucleation sites for DRX. Equation (3) indicates that, for finer grain
sizes, DRX is more readily attained than would be predicted by a simple d1/20 relationship [44,45].
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Table 1. Statistic indicators of the reviewed data.
Parameter
Statistic Indicator m Qhw Rε
Number of data 318 303 216
Mean 0.152 347 0.71
Standard deviation 0.07 81.15 0.16
Geometric mean 0.136 338 0.69
Mode 0.150 270 0.80
Median 0.150 332 0.72
Minimum 0.008 129 0.12
Maximum 0.678 747 1.00
Qhw: [kJ·mol−1]
Medina et al. [46–49], working with microalloyed steels, proposed a modified relationship for
the peak strain, as shown in Equation (4a). They discussed that, under hot working conditions, the
Z parameter appears to be insufficient to describe with accuracy the dependence of peak strain on
the strain rate and temperature. Therefore, Medina and Hernandez [47] included in their model a
parameter named A (s−1), which depends on both the chemical composition and the activation energy.
Studying the dynamic recrystallisation of an AISI 304 stainless steel through torsion test in the
temperature range of 1173 K (900 ◦C)–1373 K (1100 ◦C) and the strain rate range of 5.0 × 10−2–5.0 s−1,











Kowalski et al. [51] reported, for plane strain compression testing of ultra-low C steels, that the
critical strain for the onset of DRX εc is a function of the Zener–Hollomon parameter normalized by
the square of the steady state flow stress arising from the balance between work hardening and DRV





Several publications [28,52–56], mainly dealing with microalloyed steels, reported some empirical
formulations that include a corrective factor (F ), which depends on the chemical composition, as
shown by Equation (6):
εp = kF dn0 Z
m. (6)
Minami et al. [52] proposed a value of the parameter F equal to 1+20 %Nb1.78 , for Nb steels
(0.020–0.080%Nb) tested under torsion. Fernández et al. [53] investigated the dynamic recrystallisation
behavior of Nb and Nb–Ti microalloyed steels using torsion tests in the temperature range between
1273 K (1000 ◦C) and 1473 K (1200 ◦C) and the strain rate range between 2.0 × 10−2 and 5.0 s−1.
They proposed a relationship to predict the peak strain for both steels by quantifying the retardation
of the DRX produced by the increase of the microalloying elements in solid solution (Nb and Ti) as
the reheating temperature increases, applying the following corrective factor: 1+20(%Nb+0.02 %Ti)1.78 . In
an analogous way, Elwazri and colleagues [54], studying under torsion hypereutectoid steels (1.0%C)
alloyed with high silicon and microalloying levels of vanadium, found that the constant k showed
a relationship with the vanadium content that can be expressed as follows: 1.479 ln[V] + 11.782. As
an extension of the early work of Fernández et al. [53], Pereda et al. [55] analysed the influence of
the Mo addition on the dynamic recrystallisation behavior of Nb microalloyed steels. These latter
authors claimed that Mo has a strong solute drag effect, both on the austenite grain size coarsening
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behavior and on the DRX kinetics. However, this effect seems to be independent of the Mo content, at
least in the range analyzed. A constant corrective factor to quantify the retardation produced by Mo
in solid solution, independent of Mo content, was applied to extend the validity of the pre-existing
equation [53]: 1+20(%Nb+0.02 %Ti+∆0.035)1.78 ; where ∆ is equal to 0 for Nb and Nb–Ti steels, and ∆ is equal
to 1 for Nb–Mo steels.
On the basis of previous work and dealing with high temperature performance steels, Zhu and
Subramanian [57], in order to obtain a homogeneous distribution of ultrafine grain size in strip finish
rolling processes, have stated that the critical strain for initiation of the DRX is given by Equations (7a)
and (7b):
εc = dn0 (m ln Z + a) (7a)
εc = m ln Z + a, (7b)
where the constants m and a took the values of 0.0299 and −0.598, respectively.
San Martín et al. [58,59] on C-steels modified the classical equation for the peak strain, taking into
account the influence of the activation energy Qhw for hot working, as shown in Equation (8). In this
case, the authors reported an average value of −2.63 for the parameter a, for carbon contents from
0.16% to 1.06%.
εp = kdn0 Z
mQhw
a. (8)
Kuc et al. [60], applying extensive stereological analysis, reported an expression that included a
quantitative description of the shape and size of the grains. A strong influence of the average grain





where A0, V0, and v(V0) are the mean area of the initial grain plane section expressed in µm2, the mean
grain volume expressed in µm3, and the variability factor of the grain volume expressed in percentage,
respectively. Kuc et al. [60] also described the dependencies between peak strain εp and the initial
grain size and Zener–Hollomon parameter for Cr–Mn and Cr–Ni austenitic steels tested using a torsion
plastometer. In this occasion, the authors reported values for the constants a, b, and c of 0.14, 0.08, and
0.31, respectively.
Some authors report that the critical strain for dynamic recrystallisation can be expressed also
as a double function of the strain rate and strain itself, as shown in Equation (10). In this sense,
Panigrahi [61], reviewing the thermomechanical processing of low carbon steel plate and hot strip, and





In order to describe the relationship between the peak or critical strain with the hot working
conditions, some authors have published several mathematically equivalent expressions to Equations
(1a) and (1b) [62–67]. However, in certain cases, the values of the activation energy used for the
calculation of the Zener–Hollomon parameter Z (Equation (2)) do not match with the value used in
the equation that represents εp or εc, such as Equation (11b). Equations (11a) and (11b) show some
examples of these expressions, where the use or not of the R constant and/or the use of a constant
prior austenite grain size can be noted. Solhjoo [68], on the basis of the model proposed by Lin et
al. [69] and Mandal et al. [70], modified the Z parameter (Zm =
.
ε
m′Z, where m′ is a constant equal to
4
3 ) in order to improve the accuracy of the estimations of εp, as shown in Equation (12), where a is a
constant and is found to be 0.26 for AISI 304 stainless steels. In other cases, in which the prior austenite
grain size is kept constant, and derivation of its effect or influence cannot be obtained or expected,
another type of equation has been proposed. While several authors claim that the critical strain for the
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onset of DRX is also dependent on strain rate and increases according to the increase in strain rate,
Senuma et al. [71], studying the recrystallisation behavior of carbon steels (0.08 wt. %C–0.81 wt. %C),
reported that εc is a solely function of the temperature, as shown in Equation (13b), where the value of
the constants K and b are equal to 4.8 × 10−4 and 8000 K (7727 ◦C), respectively. Similar results are
reported by Anan et al. [72]. Namba et al. [73], for carbon steels (0.11%C–0.17%C), reported K and b










































T , with b =
a
R , will be
referenced using the equation number without distinction between the types (a) or (b).
Studying the flow behavior under compression of a Nb–V high-strength low-alloy (HSLA) steel
(0.13%C, 1.55%Mn, 0.028%Nb, 0.059%V) in the range temperature of 1173 K (900 ◦C) to 1248 K (975 ◦C)
and strain rates ranging between 5.0 × 10−3 to 5.0 s−1, Wang and Lenard [74] reported the following







where K, a, and b are numerical constants. Multi-variable non-linear regression analysis of the data
permits the derivation of the constitutive relations with values of K, a, b, and Qhw of 4.6 × 10−1, 0.542,
−0.0087, and 464 J·mol−1, respectively, obtained with a correlation coefficient of 0.99.
Yang et al. [75] working with a modified CNS-II F/M steel, designed for in-core components of
supercritical water cooled reactor, report another different expression for εp:
εp = KZm + a. (15)
The hot flow behavior of the CNS-II F/M steel was investigated through isothermal hot compression
tests at a temperature ranging from 1223 K (950 ◦C) to 1373 K (1100 ◦C) and strain rate ranging between
1.0 × 10−3 and 10.0 s−1. Through regression analysis, Yang et al. [75] show that a is a numerical constant,
equal to 0.238.
On the other hand, Cingara and McQueen [76], McQueen et al. [77,78], and Evangelista et al. [79],
among others, published a linear relationship between the peak strain and peak stress according to
Equation (16):
εp = a + bσp. (16)
In this regard, the formers authors, working with 300 austenitic stainless type steels (torsion tests
at 1173 K (900 ◦C)–1473 K (1200 ◦C) and 0.1–5.0 s−1), have reported values of a ranging between 0.23
and 0.39 and values of b in the range of 0.0022–0.0033 MPa−1, respectively. Evangelista et al. [79],
simulating the rolling schedule of a 41Cr4 steel by means of torsion tests at temperatures in the interval
of 1123 K (850 ◦C) and 1323 K (1050 ◦C) and equivalent strain rates ranging between 0.05 and 5.0 s−1,
reported similar values of a and b (~0.11 and 0.0025 MPa−1, respectively). McQueen and Ryan [78]
also reported some values of a and b for HSLA steels analyzed in austenitic state.
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Furthermore, a number of authors have developed mathematical equations for the beginning of
DRX using a formulation based on the nucleation mechanisms of static recrystallization (SRX) [80–82].
Barnett et al. [83,84] affirm that these models fit the observed trends in DRX quite well, however, these
models lack firm conclusions to be drawn in order to describe the relative kinetics of the two processes.
Barnett et al. [83,84] use conventional equations for the kinetics of SRX and modified them to allow
SRX to begin prior to the end of deformation. A general relationship between the kinetics of dynamic











where a, b (<0, related to the time taken after deformation for 50.0% recrystallisation t0.5), and c (equal
to 0.0145) are constants; and n is the Avrami exponent [85–88].
2.3. Methods to Calculate εc
As already mentioned, several researchers have been studying the modeling of dynamic
recrystallisation kinetics in order to predict the flow stress behavior and the microstructural changes
associated. Nonetheless, owing to the complexity of the challenge (e.g., dislocation and microstructure
evolution, nucleation, growth and impingement of new grains), few approaches successfully correlate
the metallurgical principles of dynamic recrystallisation and behaviors.
Luton and Sellars [5] have suggested a critical strain approach to predict the flow stress behavior
in terms of the incubation strain εc for the onset of DRX and the strain required for a complete DRX
cycle, εx. This model, principally concerned with the mechanical aspects of dynamic recrystallisation,
provided a significant advance in understanding the DRX phenomena. However, it does not involve
the metallurgical principles of DRX and some limitations are presents. The most important one is the
indefinite alternation of recrystallisation and hardening cycles [7]. In order to overcome some of the
aforementioned limitations, Sah and co-workers [9,20] refined the original model to take into account
the influence of grain size changes on the recrystallisation kinetics and explained the damping of the
flow stress oscillations at high strains.
One of the most recognized and realistic models that address the nucleation for the onset of DRX
was proposed in 1978 by Roberts and Ahlblom [81] on the basis of the model previously reported
by Sandström and Lagneborg [80]. The substance of this treatment is that the reduced driving force
(i.e., the stored energy difference) modifies the normal energy balance, defining the conditions for
nucleation of new grains and the kinetics of nucleation. These depend on the energy of the grain
boundaries and on the dislocation density difference between the new recrystallised grains and the
matrix [81]. Nucleation is usually promoted by localized strain-induced grain boundary migration, and
once the critical dislocation density (associated to the critical strain) is attained, the balance between
driving force and surface energy is such that the largest of the bulges can grow with a continuous loss
of free energy, and the recrystallisation reaction commences. The recrystallisation reaction continues
until the sites at the initial grain boundaries are exhausted. Subsequently, the reaction proceeds via
nucleation at the interface between unrecrystallised and recrystallised material until the regions of
the latter, emanating from opposing grain boundaries, impinging at the centers of the pre-existing
grains. This condition corresponds to the attainment of the steady state on the true stress–strain
curve [21]. The model considers the effect of grain size changes, but is limited to the case of grain
refinement and single peak flow behavior. This approach, applied to conditions of current deformation,
is based upon the classical nucleation theory [89] and describes the strain hardening and dynamic
recovery phenomena considering the evolution of the global dislocation density ρ, that is, neglecting
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where x represents the direction of mobility of the migration front; b is the Burgers vector; l is the
mean free path of the dislocations, for example, l ∼ ρ−1/2; mHAB is the mobility of a high angle grain
boundary; M is the mobility of dislocations; and τ is the dislocation line energy. Similar approaches to
the previous equation have been presented by Bergström [90], Kocks and Mecking [91,92], Estrin and
Mecking [93], and Laasraoui and Jonas [43], among a few other authors. The solution of Equation (18)







, where ρs is the steady state dislocation density representing a balance






Roberts and Ahlblom [81] have proposed that the nucleation of new grains is based on a critical
dislocation density criterion. The new nuclei appears if the cell is located at the grain boundaries
and the dislocation density within the cell reaches a critical value ρc, depending on the deformation









where S is the grain boundary energy per unit of area (J·m−2).
Sommitsch and Mitter [94] reported a theoretical treatment for nucleation, grain growth, and
dislocation evolution to model the dynamic recrystallisation of face-centered cubic materials with low
stacking fault energy. The model uses the total dislocation density as a state variable and predicts
the onset of DRX; the reaching critical conditions for DRX are deduced from maximizing the net free
energy based on the nucleation theory of spherical grains.
Some numerical techniques of analysis have been also used to simulate the evolution of the
microstructure during DRX, such as the following: Monte Carlo (MC) [95–98], cellular automata
(CA) [99–102], phase field (PF) [103], vertex (front tracking) [104,105], and level set [106], among others.
Nevertheless, despite all the effort put in the direction of getting a more accurate knowledge of the
mechanisms of DRX for application in modelling codes, often, the implementation of these models is a
complex and time-consuming operation and requires relatively more simple models, whose application
on the experimental data is more practical.
Perdrix [107] studied the flow stress characteristics in hot strip mill conditions through the hot
torsion technique on C–Mn–Al steels and Nb microalloyed steels. The author described in a quantitative
manner the effect of strain, strain rate, and temperature on the flow stress behavior of steels. He took
into account the influence of deformation conditions on structural changes: recrystallisation kinetics,
recrystallised grain size, and grain growth, and used this knowledge to describe the influence of
processing variables and steel parameters on the structural behavior of steels after hot deformation.
The effect of temperature change between passes and the interaction between successive passes owing
to partial recrystallisation was also analyzed. In his work, Perdrix [107] stated that the work hardening
rate–stress (θ–σ) curve may be divided into successive domains (I, II, and III), each of these with a






analyzed and derived numerical expressions that reflected the influence of the chemical composition
of the analyzed steels on the previous values, mainly the effect of C, Nb, and Al.
Kirihata and co-workers [108] studied the kinetics of static, dynamic, and metadynamic
recrystallisation of a Cr–Mo–V–Ni–Nb (0.28%C–0.47%C) steel by means of torsion testing. In this case,
the critical strain for the onset of dynamic recrystallisation was determined from the strain at which
the 50.0% post-dynamic softening time (t0.5) becomes independent of strain in the t0.5 versus ε plot
and from the fitting of mean flow stress data measured in hot strip mills.
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While empirical relationships are recognized in order to determine the critical conditions for
microstructural instability for the initiation of DRX, some authors have put effort into establishing
more rigorous procedures to provide the critical strain for the onset of DRX. A mathematical approach,
initially proposed by Mecking and Kocks [91], and then continued by Ryan and McQueen [78,109], was
developed to derive the critical strain. As illustrated in Figure 4, the onset of DRX can be determined
from slope changes in the θ–σ curves, which correspond to inflection point of these curves. Ryan and
McQueen [109] defined the critical strain as the strain value at which the experimental flow stress
curves deviate from the theoretical or “idealized” σ–ε curves when DRV is the only active softening
mechanism [26]. Figure 5b shows that extrapolation of the second linear segment of the θ–σ curve
until that θ is equal to zero determines the theoretical σ–ε curve, corresponding to DRV acting as the
main restoration mechanism operating (σsDRV) [8]. Nevertheless, in this case, the determination of the
inflection points and the followed extrapolation procedure was not well defined.
As already stated, Wray [13] highlighted that the critical strain corresponds to the application of a
minimum amount of energy required to start DRX. Poliak and Jonas [14,29] have reported a theory
about the initiation of DRX mainly based on previous works and energetic considerations [13,110].
This alternative approach, based on the thermodynamic laws and principles governing irreversible
processes, identifies the onset of DRX by an inflection point in the θ–σ curve, and it is defined as the
strain hardening rate corresponding to the appearance of an additional thermodynamic degree of
freedom in the system. The authors suggest that further consideration of the stored energy threshold
into the material proposed by Wray [13] is essential, but may not be sufficient [14,29]. Further, the
kinetics of the process must be considered. The stored energy needs to attain a maximum value,
while the latter condition demands that the energy dissipation rate reaches a minimum, and it can be
quantified in terms of the appearance of a minimum in the variation of the hardening rate (−∂θ/∂σ|T, .ε)
with the stress, as displayed in Figure 5. The approach involves multiple numerical differentiations and
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sometimes promotes a substantial experimental noise during the data treatment. In some cases, the
quantity −∂ ln θ/∂ε|T, .ε may be used and the determination of the critical strain becomes easier. Also, it
should be noted that, to precisely define the critical strain for dynamic recrystallisation, it is necessary
to determine the minimum in (−∂θ/∂σ|T, .ε) or the minima in (−∂ ln θ/∂ lnσ) and (−∂ ln θ/∂ε) [14,29].
Moreover, this method is applicable to variable strain rate conditions and to any testing technique [111].etals 2020, 10, x FOR PEER REVIEW 13 of 53 
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Mathematically speaking, the revealing of the inflection points of θ–σ curves suggested by Ryan
and McQueen [109] and the minimum values of the −∂θ/∂σ|T, .ε versus σ curves as proposed by Poliak
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and Jonas [14,29] are identical. Thus, it is broadly recognized that the rate of variation in the slope of
the σ–ε curve is a strong indicator of the microstructural changes occurring into the material during
hot working [77,78,108,112]. Najafizadeh and Jonas [113] proposed that the θ–σ curve can be fitted
using a third order polynomial equation applied to the normalized σ–ε curve.
Gottstein and co-workers [11,114] have emphasized that strain is not a state variable of crystal
plasticity, therefore, there is no sense of a critical strain, rather there are critical conditions for
microstructural instability. According to Gottstein et al. [11,114], the approach reported by Poliak and
Jonas [14,29] does not offer enough details and lacks of any information about the mechanisms that
lead to an instability of the microstructure, and claim that this information can be obtained from a
work hardening model that defines substructure evolution and can associate the critical conditions
with specific microstructural mechanisms. Accordingly, the deformed state is precisely defined using a
three internal variables model (3IVM), namely, (i) the mobile dislocation density, (ii) the dislocation
density stored inside the cells, and (iii) the dislocation density stored on the cell walls. The latter
authors conceive the strain rate hardening behavior as a combination of different stages (I to V), and
the proposed model is essentially a stage-III hardening model under the hypothesis that the deformed
state comprises a cellular structure with a high dislocation density in the cell walls, which enclose
cell interiors of considerably lower dislocation density [11,114]. The work hardening stage III is
controlled by the cross-slip of screw dislocations and can be modeled by computing the evolution
of the global dislocation density as the sole internal variable; for example, through the dislocation
based strain hardening model reported by Kocks and Mecking [91,92]. Estrin and colleagues [115]
have incorporated previous results [116–118] to reproduce and model the work hardening stages III,
IV, and V. In order to taking into account the critical conditions for the appearance of the dynamic
recrystallisation, Gottstein et al. [11,114] have expressed the volume fraction of dislocations in the
cell walls as a function of the strain hardening rate, in agreement with Estrin and co-workers [115].
Moreover, they used different formulations for stage IV and stage V. For stage IV, they assumed that
the mobility of sub-boundaries promoted a change in microstructural mechanisms that reveals the
inflection point in the θ–σ curve [11,114].
2.4. Calculation of the Critical Strain Ratio by Applying Constitutive Models
Typically, several flow stress models, taking into account DRX, comprise the following: (i) a
model for strain/work hardening and dynamic recovery, (ii) a nucleation criterion for dynamic
recrystallisation, (iii) a function describing the dynamically recrystallised volume fraction (e.g., the
well-known Kolmogorov–Johnson–Mehl–Avrami (KJMA) approach [85–88]), and finally (iv) a rule
of mixture to determine the macroscopic resulting flow stress. As mentioned above, the Poliak and
Jonas method [14,29] comprises multiple differentiation. The direct application of the Poliak and Jonas
criterion [14,29], in order to find a relation that describes the onset of recrystallisation (e.g., the critical
strain ratio, Rε =
εc
εp
) in a given constitutive model describing the strain hardening and dynamic
recovery stages, is a topic that has not received much attention, and often this task does not always
gives satisfactory and precise results. As can be easily seen, such an approach is not applicable in many
constitutive models and equations because the second derivative criterion (SDC) [14,29], to determine











= 0), can give trivial, inaccurate, and/or
incongruous solutions. An obvious violation of the SDC occurs when the model for strain hardening
and dynamic recovery is incapable of showing an inflection point in the strain hardening rate as a
function of the flow stress. Regarding this fact, some authors have developed mathematical approaches
to determine the necessary conditions (consistency check) that the constitutive law, describing the
strain hardening and the dynamic recovery, must meet to allow the applicability of the Poliak and Jonas
criterion [14,29,119]. Bambach [119] shows three types of inconsistencies with the second derivative
criterion [14,29] when the effect of dynamic recrystallisation is included in the flow stress model,
namely, (i) the model for strain hardening and dynamic recovery do not exhibit an inflection point,
Metals 2020, 10, 135 16 of 58
(ii) the nucleation criterion for DRX is inconsistent with the inflection point in the strain hardening
model, and (iii) insufficient differentiability of the function that represents the flow stress.
A number of authors have made numerous attempts to predict both the critical strain for the
onset of the dynamic recrystallisation and the critical strain ratio Rε. In this regard, Ebrahimi and
Solhjoo [120], based on a previously published work [121], have determined the critical strain ratio
of Nb steels using a constitutive equation. According to this procedure, the true stress–strain curve
was modeled until the maximum stress using the model proposed and reported by Cingara and















where C is a constant value of the material, which is weakly dependent on deformation conditions,
and temperature and strain rate and must be determined for each condition [76]. Taking the logarithm
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Although this method provides a useful mathematical expression to determine the critical strain
ratio, some limitations of the approach are observed. The maximum Rε that can be obtained takes
place when the value of C tends to zero, then the maximum value of Rε tends to 0.50. Despite the fact
that the value of the constant C will be derived for each alloy, it was shown that a unique value could
be used for a type or family of alloys (e.g., steels) with a small error [78]. For example, McQueen and
Ryan [78] reported values of C ranging between approximately 0.19 and 0.22 for AISI 301, 304, 316,
and 317 type steels and values of C between 0.39 and 0.73 for C steels, V steels, V–Mo steels, and Ti–Nb
steels. Ebrahimi et al. [121] reported a value of C equal to 0.49 for Ti–IF steels. More recently Mirzadeh
and Najafizadeh [123], on a precipitation hardening stainless steel (17–4 PH), determined the critical
ratio Rε using the aforementioned approach and obtained a mean value of 0.47, with C equal to 0.24.
On the similar line of research, Solhjoo [68] assumed a linear relationship between the strain
hardening rate and the strain as follows θ = ∂σ∂ε = aε+ b. The solution of the former differential













where S is an additional parameter that contributes to improving the accuracy of the model and, as in
the case of Equation (21), must be determined for each material. Taking the logarithm of Equation (23),












plot gives the value of S constant for each
material for each set of temperatures. Solhjoo [68] also found a negative linear relationship between S




















6(S− 1) + 2
√
S2 − 6S + 5
2S− 1
. (24)
As can be verified, when S tends to 0.5, the value of Rε tends to 1− 1√3 , that is, Rε~0.42. In any
case, and for Equations (21) and (24), the calculation of the critical ratio also exhibits some limitations.
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The maximum value obtained by applying Equation (21) is less than 0.5 and, for Equation (24), the
maximum value of Rε remains below 1−
√
√
5− 2; (Rε~0.51). According to the experimental results,
for an AISI 304 stainless steel tested at temperatures in the interval of 1173 K (900 ◦C) and 1473 K (1200
◦C), it was found that the value of the parameter S varies between 0.20 and 0.41, giving values of Rε
between 0.44 and 0.48 [68].
In order to contribute to the simplification of the problem, the authors of the present review state




S2 − 6S + 5 + (2− S)
. (25)
Lately, Solhjoo [124] proposed a new constitutive equation to predict the flow stress at high
temperature up to the peak of stress-strain curve, constructed on the basis of the general form of
hyperbolic tangent function, as follows:











where σ0, ς, and K2 are the initial stress and material constants, respectively. Solhjoo [124] claim that
the use of this formulation includes an additional exponent to highly increase the accuracy of the
model. Through the mathematical manipulation of the above equation, it is possible to develop a
method to determine the value of the mentioned material constants. The values of ς and K2 can be




















, respectively. The material constants ς and K2 are interdependent variables and
can be determined using different mathematical methods. Solhjoo [124] argued that the approach
represented by Equation (26) shows a powerful capability to predict the flow stress and that it is
the first constitutive equation with this kind of parameter. Furthermore, using the Poliak and Jonas
criterion [14,29], the author derived an equation that can be used to predict the critical strain ratio Rε,





√ 1−K21 + K2
. (27)
Unlike the above expressions (Equations (21) and (24)), Equation (26) does not exhibit upper
limitations in the calculated value of the critical strain ratio Rε. However, an inadequate value of
ς and/or K2 can promote erroneous values of Rε; for example, Rε greater than 1. Solhjoo [124]
successfully applied this approach on AISI 304 austenitic stainless steel data. In this case, and in an
opposing manner to the approach of Equation (24), constants ς and K2 were independent from the
hot deformation parameters (true strain rate and temperature) and mean values of ~1.28 and ~0.68,
respectively, were determined. Finally, the reported value for the critical strain ratio was Rε~0.38. It is
useful to mention that, in this case, the domain of the function represented by Equation (27) always
requires values of K2 greater than zero and less or equal than 1.
Chen et al. [125] have presented a new model to describe the flow stress up to the peak of the σ-ε
curves and, applying the SDC [14,29], the authors derive an expression to calculate the critical strain
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Chen et al. [125] have developed a model used to predict the stress–strain curves of X12 an
ultra-super-critical rotor steel. By applying Equation (29), Rε is determined to be equal to 0.43, which
is in agreement with the experimental value obtained using the approach reported by Najafizadeh and
Poliak [113].
In a relatively recent paper, Jonas et al. [126] reanalyzed previously published hot flow data [127]
and contemplated the dynamic transformation (DT) as an additional softening mechanism (in addition
to DRV and DRX) that contributes to the microstructural and mechanical softening responsible for
the classical single-peak-shaped curve. Jonas et al. [126] applied the double differentiation method,
reported previously by Poliak and Jonas [14,29], to three steels (low C steel, Nb-modified steel, and
Nb-modified TRIP steel), tested under uniaxial isothermal compression at constant true strain rates
ranging from 0.05 to 1.0 s−1 and temperature ranging between 1223 K ((950 ◦C) and 1423 K (1150 ◦C).
Accordingly, the authors also considered and analyzed the effect of the polynomial order (2 to 15)
on the sensitivity of the double differentiation method as well as on the actual values of the critical
strains determined. The double differentiation method normally requires the use of polynomial fitting
functions of at least the eighth order and the use polynomials of lower degrees can cause a poor
accuracy in the fitting process. Using the first part of the flow curve, comprising values of strain below
the peak strain of the TRIP steel curves (1423 K (1150 ◦C) and 0.25 s−1), Jonas et al. [126] stated that
polynomial orders below 3 are unable to detect any minima at all, whereas polynomial order between
4 and 7 can detect the DRX minima, but are unable to identify the DT minima. On the other hand, for
polynomials order above 8 and/or even higher, both minima are distinguished. Although the order
has a detectable effect on the flow stress associated with the minimum, it leads to small differences in
the derived critical strains. The critical strain values for DT show a small dependence on polynomial
order. However, the critical strain values for DRX show some scatter and these differences can be
associated to the actual value of true strain and to the slope of the flow curve after yielding. Finally,
Jonas et al. [126] concluded that all the DT critical strains were within about ±0.5% of the average value
and the DRX critical strains were within about ±2.0%.
The traditional way to determine the initiation of dynamic recrystallisation reported by Poliak
and Jonas [14,29] comprises a relatively complex and time-consuming procedure of manipulation
and processing of data, including several steps, such as smooth and filter the raw data, conversion to
stress–strain data, compensate the stress drop owing to adiabatic heating or fiction (dissipation heating),
second smoothing steps, determination of θ, and so on. Lohmar and Bambach [128] have developed
a new concept and an alternative criterion to the Poliak–Jonas method [14,29] in the determination
of the onset of DRX. They have proposed the use of a special surface interpolation method based
on radial basis functions (RBFs) using a thin plate spline (TPS) kernel to approximate several flow
curves at once and to smooth the course of σ over both ε and T via regularization methods [129].
This technique combines surface interpolation of various hot flow curves and smoothing in a single
step. As mentioned above, and in some cases, the Poliak and Jonas method [14,29] involves the use of
a multiple smoothing steps (e.g., using fast Fourier transform-based procedures, FFT). Accordingly,
Jonas et al. [130] applied a seventh-order polynomial, and in some cases, a higher-order polynomial, to
fit and smooth each σ–ε curve and a third-order polynomial in the description of the strain hardening
rate versus flow stress data, θ–σ [113]. Lohmar and Bambach [128] stated that this type of approach,
the use of an i-th order polynomial in the smoothing steps, promotes distinct roots (solution candidates)
in the interval of true strains below to the peak strain, εp. Consequently, in some cases, no unique
critical point εc and several ambiguous candidate values are obtained. According to Lohmar and
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Bambach [128], the explicit representation of the flow stress, as a function of strain and temperature
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By solving a system of n + 3 linear equations, the unknown coefficients ai are calculated.
After solving the coefficients ai and partially deriving the TPS kernel (Equation (32) with respect to
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Lohmar and Bambach [128] have claimed that the developed TPS method requires a minima
additional preparation of the flow strain–stress data. The improvement of this new approach lies
in the convenient way to interpolate multiple strain–stress flow curves with a differentiable surface
interpolant. Finally, Lohmar and Bambach [128] remarked that the TPS approach seems to be a more
robust determination of the critical strain for the onset of DRX in comparison with the polynomial
interpolation proposed by Jonas et al. [130], which occasionally yields multiple candidates for critical
points. However, some limitations are cited, namely, at lower temperatures, the compensation of
dissipation heating might affect the determination of the critical conditions for the onset of DRX and
cause the detection of rather low critical strain ratios.
3. Influence of the Chemical Composition on the m Exponent
One of the main objectives of this review work is to reveal or expose the effect of the chemical
composition of the alloy on the value of the m exponent, fundamentally for Equations (1a) and (1b).
This exponent somehow reflects and controls the kinetics of the process as it is closely related to
the true strain rate, for example, through the Zener–Hollomon parameter Z [30]. Regarding this,
it was considered that the chemical content of the alloys is an index to evaluate the effect of the
chemical composition on the DRX kinetics, and here, the equivalent carbon content (Ceq) was used
as an indicator to evaluate the effect of compositions. For example, in welding, the hardenability of
the steel is often expressed using a carbon equivalent content. The concentration of each solute is
scaled by a coefficient, which expresses its ability, relative to C content, to retard the austenite/ferrite
transformation. Bhadeshia and Honeycombe [131] have stated that the increased sensitivity of the
austenite to ferrite transformation to carbon at lower concentrations leads to a decreased sensitivity
to substitutional alloying elements. It is interesting that the sensitivity of transformation kinetics
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to carbon at low concentrations explains the need recognized widely in industry, for two carbon
equivalent formulae to cover the low and high (>0.18 wt. %C) carbon steels (see Equations (35) and
(36), respectively). These are in fact the two most popular expressions for Ceq. The IIW formula
(International Institute of Welding, Equation (36)) shows much smaller tolerance to substitutional
alloying elements than Equation (35), also known as the Ito–Besseyo formula. Other similar expression
can be found in the literature [43,132].
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The Ito–Besseyo approach, Equation (35), has smaller coefficients for the substitutional solutes
when compared with the IIW equation. It is believed to be more reliable for low-carbon steels. On the
other hand, the IIW formula, Equation (36), shows much smaller tolerance to substitutional alloying
elements [131].
In the previous equations, all the percentages are expressed in weight percent (wt. %). The use of
the alloy content instead of the activation energy, in order to reveal the effect of the chemical composition,
was preferred. Numerous authors use calculated apparent activation energy values, determined from
experimental data, as an alternative to employ the self-diffusion activation energy. However, the
activation energy also will be taken into account in the discussion of results as an additional criterion
of analysis. It usually takes values similar or somewhat above those for self-diffusion, indicating that
deformation under the discontinuous dynamic recrystallisation phenomena is thermally activated and
involves self-diffusion mechanisms [1].
Table A1 in Appendix A collects the most relevant and valuable data obtained from the scientific
literature from several families of steels, namely, low alloy steels (e.g., plain carbon steels), carbon
steels, microalloyed steels, stainless steels, and high alloy steels (e.g., TRIP and TWIP steels). The fields
of Table A1 comprise the following: the main chemical composition of the alloy expressed in weight
percentage (wt. %); a brief indicator of the type of alloy (steel); the testing methodology (C: compression,
T: torsion, R: rolling, TE: tension, M: multiple techniques); the mean diameter of the initial austenitic
grain size d0 expressed in microns (µm); the activation energy for hot working Qhw used to calculate Z
(expressed in kJ·mol−1); the parameters k, K, n, and m of the aforementioned equations (Section 2.2);
and the critical strain ratio Rε and the type of equation considered. The chemical composition of the
alloys is represented by the C, Mn, Si, Al, Cr, Ni, Mo, Ti, Nb, V, and B contents, whereas the values of P,
S, N, and O, among many others, have been omitted. When a large number of alloys are reviewed,
the chemical composition is noticed using only the range of variation of the chemical elements as
an interval of values (e.g., 0.12–0.25 C). When a specific chemical element does not belong to the all
analyzed alloys, it is placed between parentheses (e.g., (0.005 Mo)). In some cases (especially for
torsion tests), the initial grain size corresponds to the grain size in a given entry passes. The data
corresponding to the critical strain equations for the onset of the DRX are shaded in grey. For simplicity,
in many cases, some values in Table A1 and text were rounded and, in some specific cases, the chemical
composition of steels was referenced as an average chemical composition.
Figure 6 shows the relation between the m exponent and the alloy content in terms of equivalent
carbon amount (Ceq). Further, Figure 7 displays the dependence of the activation energy Qhw on the
equivalent carbon. The test methodology is indicated in both figures. Here, it is worth mentioning
that the value of the exponent m is the exponent accompanying the Zener–Hollomon parameter Z
and/or the exponent accompanying the true strain rate in the different reported equations either for
peak strain and critical strain equations. See Section 2.2.
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Nearly 320 experimental data were analyzed, where approximately 65.0% of them correspond
to compression data, 30.0% to torsion data, and the rest to multiple techniques and tension data.
See Figure 8 and Table 1. The statistical analysis of data reveals a mean value of m approximately
close to 0.152 with a standard deviation of 0.07 and minimum and maximum values of 0.08 and 0.68,
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respectively. Moreover, the value at which the discrete probability distribution takes its maximum
value (mode) has been 0.150. Regarding the activation energy Qhw, the statistical analysis of data
reveals a mean value of 347 kJ·mol−1, with a standard deviation of 81 kJ·mol−1. The minimum and the
maximum values are 129 kJ·mol−1 and 747 kJ·mol−1, respectively. As a general trend it can be seen that
the strain rate exponent m decreases slightly with the increasing carbon equivalent of the alloy, and the
opposite seems to happen with the activation energy (see Figure 7).Metals 2020, 10, x FOR PEER REVIEW 22 of 53 
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Accordingly, an increase of the carbon equivalent content would cause, though slight, slowing
of the kinetics of DRX accompanied by a greater insensitivity to the deformation conditions (Z).
Solute addition generally restricts the dislocation mobility and reduces the ability of the alloy to
dynamically recover acting on the migration of grain boundaries, promoting a major tendency for
DRX. However, as DRX also depends on the ease of the migration of grain boundaries, the rate of DRX
may decrease for higher solute values. Flow stress is increased by solute and/or fine particles, which
diminish DRV, raising the dislocation density through pinning by atmospheres or through reduction in
SFE. Fine particles reduce grain boundary mobility and also pin dislocations and stabilize a denser
substructure, thus also retarding DRX nucleation. As the peak strain is raised by the presence of
solutes and fine particles, the stress is raised more than by simple strain hardening increase, that is,
just by the dislocation–dislocation interaction, thus causing a marked rise in activation energy in alloy
steels [77,78]. There is scarce literature information regarding the effect of the chemical composition
or alloy content on the value of m, though few authors observed that the m exponent decreases with
increasing alloy content. Escobar et al. [133], for carbon steels tested at 1173 K (900 ◦C)–1373 K (1100 ◦C)
and 1.0 × 10−4 to 1.0 × 10−1 s−1, have argued that the onset of DRX becomes insensitive to the forming
conditions for relatively high carbon (or relatively high alloy) steels and pointed to a slight decrease of
m as the alloying content rises. Dealing with austenitic binary Fe–Mn alloys (1%Mn–20%Mn), Cabañas
and co-workers [134], under constant initial grain size, have studied the influence of the Mn content
on the constitutive equations in the temperature range of 1223 K (950 ◦C) to 1523 K (1250 ◦C) and
the strain rate range of 1.0 × 10−1 to 2.0 s−1. The authors pointed out that the critical strain can be
expressed as a function of Mn content in a similar manner to Equation (1b); however, in this case, the
value of the exponent m was a linear function of the Mn content of the alloy as follows:
m = 0.020 %Mn + 0.0855. (37)
Cabañas et al. [134] have also reported a decrease of the m exponent from 0.125 to 0.085, for
increasing contents of Mn from 1.0% to 20.0% respectively. Varela-Castro [135] have analysed the hot
working behavior of structural steels and the dependence with the C, Si, and Mn content. The hot flow
behavior was studied by isothermal uniaxial compression in the range of 1173 K (900 ◦C) to 1373 K
(1000 ◦C), applying true strain rates ranging between 5.0 × 10−4 and 1.0 × 10−1 s−1. Regarding this,
eight different steels were refined via the electro-slag remelting technique (ESR) with the following
chemical composition range (wt. %): ~0.15%C–0.45%C, ~0.20%Si–0.40%Si, and ~0.70%Mn–1.60%Mn,
%Fe (bal.). The author proposed a complete constitutive model that describes the hot working
behavior of Fe–C–Si–Mn alloys, where all the characteristic parameters are a function of the chemical
composition of the alloy and where the parameters to determine the peak strain are defined as follows
(see Equation (1b)) [135]:
K, m = a[%C] + b[%Si] + b[%Mn] + d, (38)
where a, b, c, and d are numerical constants, both obtained with a Pearson’s coefficient of R2 ~0.97.
All the percentages are expressed in wt. %. See Table 2.
Table 2. Parameters of Equation (1b) according to Equation (38) reported by Varela-Castro [135].
Parameter
Numerical Constant
a b c d
K × 10−3 3.665 2.375 −0.590 6.330
m −0.053 −0.008 0.006 0.168
It can be seen from Table 2 that, for the pre-exponential parameter K, the effects caused by C and
Si contents are of the equal order of magnitude and direction (equal sign) and with the influence of Mn
one order of magnitude smaller and of the opposite direction. Regarding the parameter m, it can be
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noticed that the greater absolute effect is exerted by C, whereas Si and Mn exhibit behaviors of an order
of magnitude smaller and of opposite signs. Both C and Si help to reduce the m parameter; that is,
increase the insensitivity of m with Z. In this case, the Z parameter was calculated using a commonly
reported value of the self-diffusion activation energy for pure iron (270 kJ·mol−1) [136–138].
Very recently, Siyasiya and Stumpf [139] have studied the relationship between the chemical
composition and the Zener–Hollomon exponent in the peak strain equation for hot working of C–Mn
steels. The hot deformation behavior of twelve C–Mn steels was examined applying compression tests
in which the carbon and manganese contents were increased systematically between 0.035%C up to
0.52%C and 0.22%Mn to 1.58%Mn, respectively. In addition, data from other authors were analyzed
and used to derive the main results of this investigation. The authors suggested that the apparent
activation energy for hot working increases with an increase in C content in plain C–Mn steels, as
was also found by other researchers. Also, the authors argued that this is possibly because of the
retarding effect that the Mn–C complexes have on the movement of dislocations. The exponent m in
the peak strain equation for hot working was found to decrease with an increase in k and Qhw (both of
which increase with an increase in the C content), and also decrease with an increase in the C content
according to m = 0.21− 14 [%C], for content of carbon less than 0.8%C [139].
On the other hand, Figure 7 shows that the activation energy remains approximately constant
(330 kJ·mol−1) for carbon equivalent values below to 1.0% and, as the alloy content increases, the
reported values of hot working activation energy show an increase. Likewise, it can be noted that
collected data are grouped in different areas: (i) high alloyed steels, such as stainless steels at the
highest values of Ceq (about 2.0 or more); (ii) medium alloyed steels, such as medium carbon and
microalloyed steels at Ceq between 0.2% and 1.0%; and (iii) low alloy steels at carbon equivalent values
lower than 0.2%,.
The plot presented in Figure 6 also shows that there is not a clear dependence of the test type,
whether compression, torsion, or tensile test, on the m exponent. Several authors have already
suggested that higher values of εp are expected in torsion (associated to k and/or K, approximately by
a factor of ~1.3 to 2.6), in relation to those obtained through compression testing techniques [27,108].
However, there have been no reports about the influence of the testing methodology on the DRX
kinetics using expressions, as shown in Section 2.2.
Figure 9 represents more than 210 experimental data, mainly for compression and torsion, where
the critical strain ratio Rε is plotted against the carbon equivalent Ceq. In this case, the statistical
analysis reveals a mean value for Rε of approximately 0.71, with a standard deviation of 0.16 and
with minimum and maximum values of 0.12 and 1.0, respectively. Furthermore, there is a slight
decrease of the critical strain ratio Rε for increasing values of the alloy content and a mean value
of Rε of approximately 0.62, for Ceq ranging between 4.0% and 6.0%, is shown. Additionally, the
plotted data do not show a clear relationship between the critical strain ratio Rε values and the testing
technique. However, it appears that the data reported for torsion tests have a lower standard deviation
(approximately 0.13). It can be also observed that one of the most repeated values for the critical
strain ratio is around 0.80, as has been reported earlier by Sellars [33] for C–Mn steels (Rε ~0.67–0.86).
Here, it is useful to clarify that many of the reported values are determined or calculated by the Poliak
and Jonas method [14,29], although, for many other cases, the authors collect data directly from the
reported literature.
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A few results were reported regarding the influence of chemical composition and alloy content on
the decrease of the critical strain ratio. Siciliano and Jonas [28], for Nb containing steel, have reported a
clear progressive decreasing dependence of the critical strain ratio Rε solely on the effective niobium
concentration (Nbeff), as shown in Equation (39). More recently, Xu et al. [140], for high-Nb HSLA
steels, have shown a similar relation updated for higher effective Nb contents. The authors claims
that the model proposed by Siciliano and Jonas [28] is only available to the relatively low effective
Nb contents (i.e., smaller than 0.06%) and that there is a large deviation between predictions and
measurements for the higher effective Nb content (up to 0.1%).
Rε = 0.8− aNbeff + bNb2eff, (39)
where a and b are constants (10.8 to 13.0 and 64.4 to 112.0, respectively [28,140]) and where Nbeff is








As a complement of the Poliak and Jonas approach [14,29], Najafizadeh and Jonas [113] have
proposed that the normalized true stress–strain curve (σ/σp vs. ε/εp) is suitable to apply the second









versus σ/σp, can be fitted using a third-order polynomial equation in order to
determine the inflection points that identify the point of initiation of DRX in the range of temperature
and strain rate of interest. Furthermore Najafizadeh and Jonas [113] showed that the critical stress
and the critical strain ratio Rσ =
σc
σp
and Rε are approximately constant and independent of the Z
parameter (see Figure 10).
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4. Conclusions
After a justificative introduction about the practical interest in deriving the onset for dynamic
recrystallisation, a critical review is done on the different methods reported in the literature to derive
the critical strain to initiate dynamic recrystallisation. These methods cover from metallographic
procedures to several empirical and theoretical ways to obtain the associated strain to the onset of DRX.
All methods are introduced, and main advantages and disadvantages aspects are outlined. Particular
interest is paid to get the latter strain from constitutive equations.
Finally, a large review is done on all reported values for the critical strain for DRX in steels,
particularly plain carbon or microalloyed steels. An attempt is also done to derive the effect of the
chemical composition on the exponent of the classical relationship between the peak strain εp and the
Zener–Hollomon parameter [30], by using a carbon equivalent parameter, considering also the type of
testing conditions, whether compression, torsion, or tension.
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ε, εp, εc, and εx True strain, peak strain, critical strain and recrystallisation strain.
Rε and Rσ Critical ratio of strains and critical ratio of stresses [dimensionless].
Σ, σ0, σp, σc, σsDRV,
and σssDRX
True stress, initial stress, peak stress, critical stress, saturation stress (DRV) and
steady state stress (DRX) [MPa].
.
ε Strain rate [s−1].
θ Strain hardening rate [MPa].
ρ, ρc, ρs, and ρ(x)
Dislocation density, critical dislocation density, steady state dislocation density
and dislocation density in the mobility direction axis [m−2].
T0.5 Time taken after deformation for 50% of SRX or MDRX [s].
Z and Zm Zener-Hollomon parameter and modified Zener-Hollomon parameter [s−1].
Qhw Activation energy for hot working [J·mol−1].
R Universal gas constant [J·mol−1·K−1].
T and Tm Absolute temperatura and absolute melting temperatura [K].
Ceq Carbon equivalent [%].
A, b, c, d, A, k, K, k1, k2,
n, m, m′, C, S, ς, ψ, ζ,
and K2
Numerical constants.
d0 Prior austenite grain size (diameter) [µm].
ai, φi, φi′, and κ(ε)
Numerical coefficients, thin plate spline (TPS) kernel function, partial derivative







F and ∆ Corrective factor and steel type factor.
Nbeff Effective niobium concentration [%].
A0, V0, and v(V0)
Mean area of grain plane section [m2], mean grain volume [m3] and variability
factor of the grain volume [%].
b Burgers vector [m].
l Dislocation mean free path [m].
M Mobility of dislocations [m2·s−1·N−1].
mHAB Mobility of a high angle grain boundary [m3·s−1·N−1].
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τ Energy per unit length of dislocation [J·m−1].






3IVM Three Internal Variables Model.
C, T, R, TE, and M Compression, torsion, rolling, tensión, and multiple techniques.




EBSD Electron backscatter diffraction.
ESR Electro-slag remelting.
FFT Fast Fourier transform.
HAB High angle grain boundaries.
HSLA High-strength low-alloy.
IIW International Institute of Welding.
KJMA Kolmogorov–Johnson–Mehl–Avrami.
MC, CA, and PF Monte Carlo, cellular autómata, and phase field.
PH Precipitation hardening stainless steel.
RBF Radial basis function.
SDC Second derivative criterion.
SFE Stacking fault energy [J·m−2].
SRX Static recrystallisation.
TEM Transmission electron microscopy.
TPS Thin plate spline.
TRIP and TWIP steels Transformation induced plasticity and twinning-induced plasticity steels.
WH or SH Work hardening or strain hardening.
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Appendix A
Table A1. Literature collection of the reported values for the parameters for cited equations. See details in Section 2.2.
Ref. Chemical Composition * Steel Test † d0 ‡ Qhw § κ − K n m − m′ Rε Eqn.
[32] 0.17C, 1.35–1.36Mn, 0.31–0.36Si, 0.017–0.029Al, (0.005)Ti, (0.04)Nb Nb T 300 0.86
[141] 0.17C, 1.35–1.36Mn, 0.31–0.36Si, 0.017–0.029Al, (0.005)Ti, (0.04)Nb Nb HSLA T <300 0.67
[33]
0.055–0.68C, (0.44–1.64)Mn, (0.02–0.54)Si, (0.001–0.05)Al,
(0.04–0.88)Cr, (0.012–0.24)Ni, (0.006–0.04)Mo, (0.005–0.03)Ti,
(0.005–0.041)Nb, (0.02–0.15)V, (0.005)B
CMn M 50 312 4.90 × 10−4 0.50 0.150 (1a)
[22] 0.06–0.9C, 1.32–1.56Mn, 0.22–0.75Si, 0.02–0.034Al, (18.7)Cr,
(9.07)Ni, (0.13–0.22)Mo, (0.017)Ti, (0.032–0.124)Nb
SiMn C <360 406 0.80
Nb C 270 402 0.80
Nb C 230 0.80
Nb C 195 402 0.80
Ti C 0.80
18-8 C 393 0.80
[142] 0.08–0.095C, 1.04–1.5Mn, 0.026–0.047Si, 0.09–0.15Cr, 0.08–0.18Ni,0.015–0.03Mo Low C T <60 310 5.38 × 10
−4 0.50 0.156 0.80 (1a)
[71,143] 0.0013–0.81C, 0.18–2.51Mn, 0.01–0.24Si, 0.019–0.066Al CMnSi C <160 4.76 × 10−4 (13b)
[144] 0.37C, 0.8Mn, 0.31Si, 0.03Al, 1.01Cr, 0.16Ni, 0.19Mo, 0.026Ti Low alloy T <50 315 1.25 × 10−4 0.75 0.183 0.78 (1a)
[145] 0–0.37C, 0–0.8Mn, 0-0.31Si, 0–1.01Cr, 0–0.16Ni, 0–0.19Mo Low C T 300 4.10 × 10−4 0.50 0.156 0.70 (1a)
Low alloy T 300 9.60 × 10−5 0.75 0.183 0.70 (1a)
[146] Not reported CMn R 100 312 6.97 × 10−4 0.30 0.170 0.80 (1a)
[76,78,109,122] 0.035–0.57C, 0.4–1.73Mn, 0.398–0.54Si, 0.8–18.65Cr, 0.5–14.44Ni,0.06–3.64Mo AISI 304 M <280 400 4.50 × 10
−2 0.75 0.125 (1a)
[147,148] AISI 316 M 60 460 6.03 × 10−1 0.75 0.053 (1a)
AISI 301W M 66 399 0.66
AISI 304C M 64 407 0.71
AISI 304W M <280 393 0.61
AISI 316C M 63 402 0.66
AISI 316W M 60 454 0.64
AISI 317C M 72 508 0.72
AISI 317W M 57 496 0.65
FeC T 270 0.50 0.100 (1a)
[149,150] 0.065C, 0.65Mn, 0.03Si, 0.036Al, 0.066Cr, 0.009Ni, 0.001Mo, 0.028Nb Nb T 30 450 1.47 × 10−3 0.50 0.150 0.70 (1a)
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[43,151] 0.03C, 1.54Mn, 0.19Si, 0.02Al, 0.02Ti CMn C 312 6.82 × 10−3 0.128 (1b)
[152,153] Not reported CMn 312 3.68 × 10−4 0.44 0.190 (1a)
[74] 0.13C, 1.55Mn, 0.28Si, 0.07Al, 0.23Cr, 0.33Ni, 0.028Nb, 0.049V NbV C 464 4.56 × 10−1 (14)
[154] 0.057–0.07C, 0.3–0.6Mn, 0.05–0.08Si, 0.011–0.017Ni, 0.005Mo CMn T <35 5.41 × 10−4 0.230 0.70 (1b)
Nb T 307 7.51 × 10−4 0.230 0.70 (1b)
[44,45] 0.095–0.15C, 0.31–1.45Mn, 0.28–0.32Si, 0.015–0.038Al CMn C <350 300 0.150 (3)
[155] 0.1–0.85C, 0.62–1.7Mn, 0.24–0.85Si, 0.005–0.03Al, 0.03–0.14Cr ES17 T <440 4.83 × 10−3 0.09 0.150 0.85 (1a)
QC29B T 2.73 × 10−3 0.20 0.150 0.85 (1a)
FP69 T 1.84 × 10−3 0.24 0.150 0.85 (1a)
FF82 T 1.84 × 10−3 0.24 0.150 0.85 (1a)
[73] 0.11–0.17C, 0.89–1.51Mn, 0.03–0.3Si, 0.029–0.045Al C C <300 1.30 × 10−5 (13b)
[72] 0.1C, 1.19Mn, 1Si, 1Cr CSiMnCr M 80 4.76 × 10−4 (13b)
[156] 0.1–0.19C, 1.26–1.7Mn, 0.24–0.36Si, 0.014–0.042Al, 0.01–0.012Ti,0.04–0.15V Nb T 9.38 × 10
−4 0.230 0.80 (1b)
V T 300 1.88 × 10−2 0.113 0.80 (1b)
[157] 0.055–0.063C, 1.2–1.3Mn, 0.2–0.24Si, 0.029–0.036Al, 0.18Mo,0.02–0.16Ti MoTi T <70 296 5.24 × 10
−4 0.50 0.180 0.58 (1a)
NbTi T <60 375 2.80 × 10−4 0.50 0.170 0.72 (1a)
Ti T <90 372 2.40 × 10−4 0.50 0.180 0.80 (1a)
MoTi T 2.17 × 10−3 0.180 (1b)
NbTi T 1.43 × 10−3 0.160 (1b)
Ti T 1.50 × 10−3 0.170 (1b)
[58,59] 0.163–1.06C, 0.35–1.55Mn, 0.13–0.31Si 1041 T 125 306 7.97 × 10−4 0.50 0.157 0.70 (8)
9260 T 88 311 4.17 × 10−4 0.50 0.171 0.70 (8)
52100 T 150 303 7.45 × 10−4 0.50 0.160 0.70 (8)
10L60 T 90 351 6.51 × 10−4 0.50 0.138 0.70 (8)
32NiCrMoV12 T 180 387 7.06 × 10−4 0.50 0.139 0.70 (8)
15NiCrMo16 T 44 414 4.87 × 10−4 0.50 0.145 0.70 (8)
[158] 0.04C, 0.4Mn, 0.3Si, 19.58Cr, 18.22Ni, 6.48Mo High Mo C 491 0.015 (7b)
[159] 0.192–1.42C, 0.142–1.29Mn, 0.287–0.362Si CMn T <200 248 4.30 × 10−3 0.20 0.174 0.86 (1a)
V T <140 248 5.90 × 10−3 0.20 0.172 (1a)
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[160] 0.157C, 1.4Mn, 0.45Si 16Mn C 392 0.050 0.83 (7b)
[161] Not reported CMn-HSLA T 300 6.50 × 10−4 0.30 0.170 0.72 (1a)
[162] 0.063C, 1.2Mn, 0.22Si, 0.029Al, 0.18Mo, 0.02Ti MoTi T 50 295 7.07 × 10−4 0.50 0.150 (1a)
[163] 0.078C, 1.39Mn, 0.35Si, 0.016Al Mn M 140 245 4.90 × 10−4 0.50 0.150 1.00 (1a)
[164] 0.046–0.09C, 1.2-1.57Mn, (0.2–0.3)Si, 0.031–0.05Al, 0.03–0.7Ni,
(0.1)Mo, 0.001–0.142Ti, 0.011–0.046Nb, (0.005–0.082)V
Nb M 40 375 2.84 × 10−4 0.50 0.170 0.65 (1a)
[165] 0.72C, 1.2Mn S49 R <500 0.150 (1a)
[166] 0.72C, 1.2Mn 900A C 220 315 4.05 × 10−4 0.31 0.175 0.85 (1a)
[167] 0.34C, 1.52Mn, 0.72Si, 0.0145Al, 0.0181Ti, 0.083V 38MnSiVS5 C <120 270 7.00 × 10−3 0.15 0.137 1.00 (1a)
[46–49] 0.11–0.53C, 0.47–1.55Mn, 0.2–1.65Si, 0.18–0.38Mo, 0.021–0.075Ti,0.041–0.093Nb, 0.043–0.093V CMn T <212 275 9.52 × 10
−3 0.20 0.159 0.95 (4a)
CSi T <143 298 9.20 × 10−2 0.20 0.161 0.95 (4a)
CMo T <205 285 1.18 × 10−1 0.20 0.145 0.95 (4a)
Ti T <95 292 1.02 × 10−1 0.20 0.170 0.95 (4a)
V T <172 278 9.88 × 10−2 0.20 0.166 0.95 (4a)
Nb T <122 291 9.60 × 10−2 0.20 0.219 0.95 (4a)
[168] Not reported Plain C R 300 300 5.60 × 10−4 0.03 0.170 (1a)
[52] 0.03–0.1C, 0.24–1.08Mn, 0.002–0.06Si, 0.02–0.047Al CMn M 100 300 5.60 × 10−4 0.30 0.170 (1a)
[52] Not reported Nb M 375 2.80 × 10−4 0.50 0.170 0.60 (6)
[169] 0.03–0.3C, 0.2–1.7Mn, 0–0.6Si Low C C <250 305 6.97 × 10−4 0.90 0.170 0.70 (1a)
[170] 0.71–0.75C, 1.12–1.2Mn, 0.2–0.4Si, (0.01)Al, 0.07–0.1Cr 900A C 210 315 4.50 × 10−4 0.33 0.180 0.95 (1a)
[171] 0.156–0.176C, 0.56–1.28Mn, 0.015–0.056Si, 0.021Al Low C <180 1.43 × 10−5 0.220 (13)
[62] 0.04–0.17C, 0.3–0.74Mn, 0.009–0.012Si, 0.04Al, 0.019–0.033Cr,0.01–0.025Ni Plain C C <244 334 1.32 × 10
−2 0.17 0.165 0.83 (11b)
C 334 1.32 × 10−2 0.17 0.165 (11b)
[136,172] 0.34C, 1.52Mn, 0.72Si, 0.0145Al, 0.018Ti, 0.083V 38MnSiVS5 C <120 270 7.00 × 10−3 0.15 0.140 0.80 (1a)
[108] 0.28–0.47C, 0.52–0.76Mn, (0.83–1.38)Cr, (0.46)Ni, (0.15–0.97)Mo,(0.016)Nb, (0.12–0.27)V Base T 147 0.50 0.170 (1a)
CrMo T 191 0.50 0.190 (1a)
CrMoV T 236 0.50 0.160 (1a)
CrMoVNb T 241 4.00 × 10−3 0.50 0.170 0.84 (1a)
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[132,173] 0.0037–0.79C, 0.32–1.69Mn, 0.003–0.005Cr, 0.003–0.008Ni,0.002–0.003Mo, 0.003V C T 100 294 1.00
[28,174] 0.05–0.14C, 0.002–0.325Mn, 0.35–1.33Si, 0.019–0.057Al,(0.016–0.024)Ti, 0.008–0.08Nb Nb M 100 375 2.80 × 10
−4 0.50 0.170 0.61 (6)
[175] Not reported TMS-80R C <250 280 1.20 × 10−3 0.27 0.180 0.83 (1a)
[176] 0.1C, 0.45Mn, 0.35Si, 0.5Cr, 0.4Ni, 0.3Mo, 0.085Ti, 0.04Nb, 0.06V V M <100 300 0.50 0.170 (1a)
[51] 0.003–0.005C, 0.22Mn, 0.02Si, 0.005–0.013Al, 0.009–0.08Ti ULow C C 1.70 × 10−4 0.417 (5)
ULow C C 1.09 × 10−4 0.190 (5)
CMn C 1.17 × 10−4 0.401 (5)
[177] 0.07–0.1C, 0.15–1.52Mn, 0.11–0.43Si, (0.054)Al, (0.03)Nb, (0.1)V HSLA M 306 1.30 × 10−3 0.180 (1b)
HSLA M 405 9.00 × 10−4 0.160 (1b)
[178,179] 0.03C, 0.8Mn, 0.8Si, 20Cr, 18.775Ni, 5.75Mo High Mo C 587 1.84 × 10−4 0.128 (1b)
[50,180] 0.054C, 1.04Mn, 0.59Si, 18.25Cr, 8.16Ni, 0.15Mo AISI 304 T 100 380 3.70 × 10−1 0.012 0.73 (4b)
[181] 0.085C, 0.95Mn, 0.29Si, 0.025Al, 0.045Nb Nb T 314 0.190 (1a)
[182] 0.067–0.074C, 1.47–1.51Mn, 0.202–0.207Si, (0.304–0.606)Cr,
(0.2–0.496)Ni, 0.151–0.283Mo, 0.014–0.015Ti, 0.032–0.062Nb
Nb T 340 6.90 × 10−4 0.50 0.250 (1a)
Nb T 377 1.80 × 10−3 0.50 0.110 (1a)
Nb T 359 1.30 × 10−3 0.50 0.130 (1a)
Nb T 354 1.20 × 10−3 0.50 0.100 (1a)
Nb T 324 1.10 × 10−3 0.50 0.130 (1a)
Nb T 287 8.30 × 10−4 0.50 0.170 (1a)
Nb T 316 5.80 × 10−4 0.50 0.160 (1a)
[183] 0.84–1C, 0.25–0.7Mn, 0.3Si, 4–5Cr, 1.15–5Mo, 0.3–1.9V A2 T 143 399 0.65
M2 T 90 455 0.65
[61] Not reported Low C R 312 8.03 × 10−4 0.17 0.177 (10)
[184–186] 18.25Cr, 8.16Ni AISI 304 C <45 380 3.00 × 10−3 0.50 0.090 0.73 (1a)
2.20 × 10−3 0.50 0.089 (1a)
[187] 0.01C, 0.057Mn ARMCO C 270 4.80 × 10−3 0.145 (1b)
[188,189] 0.02–0.087C, 1.48–1.58Mn, 0.42Si, 0.0048–0.0069Al, 18.42–18.82Cr,
8.19–8.97Ni, 0.25–0.36Mo, 0.01–0.03Nb, 0.08–0.09V
AISI 304L C 29 1.50 × 10−2 0.156 0.80 (1b)
AISI 304H C 42 1.90 × 10−2 0.144 0.80 (1b)
[190] 0.026–0.032C, 1.03–1.05Mn, 0.21–0.22Si, (0.02)Al, 0.088–0.106Ti,0.098–0.099V
HSLA RH
free C 270 3.70 × 10
−3 0.190 (1b)
HSLA RH C 270 4.00 × 10−3 0.200 (1b)
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[191] 0.0028C, 0.15Mn, 0.01Si, 0.058Al, 0.083Ti IF T 342 1.22 × 10−2 0.120 (1b)
[192–195] 0.01–0.7C, 0.55–0.7Mn, 0.05–1.1Si, 0.05–0.08Cr, (0.0005–0.0015)B Low C C 160 338 6.50 × 10−4 0.43 0.132 0.80 (1a)
High C C 90 316 2.50 × 10−3 0.40 0.090 0.80 (1a)
High Si C <240 440 4.20 × 10−4 0.40 0.120 0.80 (1a)
[196–198] 0.4C, 0.7Mn, 0.2Si, 1Cr, 0.15Mo AISI 4140 T 140 318 3.88 × 10−1 0.158 0.65 (4b)
[199] 0.085–0.087C, 0.52–1.5Mn, 0.27–0.3Si, 0.025–0.029Al, 0.045–0.05Nb Nb T 370 8.90 × 10−5 0.50 0.190 (1a)
Nb T 314 3.00 × 10−5 0.50 0.190 (1a)
Nb T 286 4.60 × 10−5 0.50 0.190 (1a)
[200] 0.08–0.14C, 1.2–1.6Mn, 0.28–0.4Si, 0.015–0.022Al, 0.56–0.67Mo,(0.0105)Ti, (0.053)Nb, (0.053)V Mo C 161 400 3.98 × 10
−2 0.20 0.120 (4a)
MoNb C 179 343 2.81 × 10−2 0.20 0.220 (4a)
MoV C 172 330 5.52 × 10−2 0.20 0.145 (4a)
MoTi C 129 400 3.93 × 10−2 0.20 0.133 (4a)
[29,111,201,
202]
0.04–0.08C, 0.22–1.95Mn, 0.012–1.09Si, (0.05–0.06)Al, (18.56)Cr,
(9.1)Ni, (0.03)Nb AK C 265 2.51 × 10
-3 0.190 0.52 (1b)
Nb C 319 0.090 0.55 (1a)
AISI 321 C 0.60
[53,203] 0.07–0.1C, 0.62–1.42Mn, 0.01–0.31Si, 0.039–0.053Al, (0.02)Cr,(0.02)Ni, 0.005–0.067Ti, 0.034–0.035Nb Nb–NbTi T <805 325 3.70 × 10
−3 0.15 0.155 0.77 (6)
[204] (0.0005–0.07)C, (1.51–1.58)Mn, (18–18.5)Cr, (8.2–12.2)Ni AISI 304L C 18 280 1.50 × 10−2 0.156 1.00 (1b)
AISI 304H C 21 280 1.90 × 10−2 0.144 1.00 (1b)
HP C 10 280 3.23 × 10−3 0.48 0.143 1.00 (1a)
HP C 24 280 3.23 × 10−3 0.48 0.139 1.00 (1a)
HP C 92 280 3.23 × 10−3 0.48 0.148 1.00 (1a)
UHP C 20 280 3.61 × 10−3 0.53 0.131 1.00 (1a)
UHP C 135 280 3.61 × 10−3 0.53 0.182 1.00 (1a)
[205] 0.18C, 0.6Mn, 0.22Si Q235 C <400 363 4.37 × 10−4 0.21 0.168 0.83 (1a)
[54,164] 0.71–1.1C, 0.63–0.77Mn, 0.22–0.99Si, 0.04–0.066Cr, 0.038–0.07Ni,(0.078–0.26)V V C 94 282 9.36 × 10
−4 0.50 0.150 (6)
V C 92 280 7.96 × 10−4 0.50 0.150
V C 97 287 9.70 × 10−4 0.50 0.150
CMn C 105 250 7.90 × 10−4 0.50 0.160
[206] 0.45C, 1.2Mn, 0.6Si, 0.12Cr, 0.017Ti, 0.1V Med. CV T 120 296 3.80 × 10−1 0.157 0.62 (4b)
[207] Not reported CMn T 300 300 6.97 × 10−4 0.30 0.170 0.81 (1a)
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[208] 0.004C, 0.132Mn, 0.011Si, 0.011Al, 0.065Ti ULow C T 297 0.095 (7b)
[209] Not reported AISI 316 T 90 414 2.40 × 10−1 0.057 (4b)
[133] 0.06–0.5C, 0.42–0.68Mn, 0.12–0.2Si, (0.003)Al, 0.01–0.04Cr, 0.07Ni,(0.015)Mo, 0.002V Low C C 53 270 4.80 × 10
−3 0.170 1.00 (1b)
High C C 78 270 1.10 × 10−2 0.130 1.00 (1b)
[210] 0.155C, 0.45Mn AISI 1015 C 1.76 × 10−4 (13b)
[211] 0.18C, 0.87Mn, 0.25Si BS430 C 280 8.76 × 10−3 0.166 0.12 (1b)
[212] 0.38C, 0.5Mn, 0.2Si, 0.86Cr, 0.2Mo 35CrMo C <150 378 3.52 × 10−3 0.138 0.83 (1b)
[213] 0.038C, 0.25Mn, 0.02Si, 0.045Al, 0.008Cr, 0.001Ni, 0.001Mo, 0.001Ti,0.002Nb, 0.007V SAE 1006 C 26 333 1.30 × 10
−4 0.30 0.200 0.80 (1a)
C 277 238 6.20 × 10−4 0.30 0.220 0.80 (1a)
[26,214] 0.072C, 1.08Mn, 0.57Si, 18.41Cr, 8.21Ni AISI 304 C <100 405 0.51
[215,216] 0.004–0.4C, 0.84–1Mn, (0.24)Si, 0.021–0.035Al, (0.02)Cr, (0.01)Ni,(0.02)Ti, (0.04)Nb, (0.001)B Med. C T 88 0.56
IF T 55 300 0.75
IF T 200 340 0.75
[217] 0.71–0.91C, 0.49–0.68Mn, 0.21–0.22Si, 0.04–0.05Cr Hypo. C 98 317 0.55
Hyper. C 112 290 0.51
[218] 0.038–0.051C, 0.224–0.25Mn, 0.014–0.02Si, 0.045–0.05Al,
0.008–0.027Cr, 0.001–0.011Ni, 0.001Mo, 0.001–0.002Ti,
0.001–0.002Nb, 0.002–0.007V, (0.0004)B
VDB cast C 124 309 3.27 × 10−4 0.30 0.180 0.80 (1a)
SS cast C 277 238 6.20 × 10−4 0.30 0.220 0.80 (1a)
VDB roll. C 50 388 3.90 × 10−4 0.30 0.145 0.80 (1a)
SS roll. C 26 333 1.30 × 10−4 0.30 0.200 0.80 (1a)
[219] 0.18–0.24C, 0.65–0.82Mn, 0.01–0.51Si, 0.005–0.009Al CSiMn C 80 270 7.58 × 10−3 0.140 (1b)
CSiMn C 109 270 8.83 × 10−3 0.140 (1b)
CSiMn C 101 270 1.01 × 10−2 0.140 (1b)
[220,221] 0.23C, 0.74Mn, 0.22Si, 0.031Al, 0.9Cr, 0.05Ni, 0.08Mo MnCr C <150 379 5.24 × 10−5 0.50 0.188 0.80 (1a)
[222] 0.004C, 1.1Mn, 0.02Ti, 0.04Nb, (0.0005–0.001)B IF C 362 0.79
364 0.80
404 0.82
[223] 0.55C, 0.78Mn, 0.31Si, 0.76Cr, 0.07Ni, 0.02Mo DIN55Cr3 C 34 340 3.36 × 10−4 0.50 0.150 (1a)
[224] Not reported Eutectoid R <50 4.50 × 10−4 0.33 0.180 0.90 (1a)
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[225] 0.08C, 1.2Mn, 0.6Si, 18.3Cr, 8.4Ni AISI 304 T 401 3.78 × 10−2 0.077 0.56 (1b)
[226] 0.002–0.083C, 0.144–0.765Mn, 0.034–0.04Al, 0.003–0.083Ti,0.001–0.024Nb CMn T 70 231 2.50 × 10
−2 0.20 0.210 (1a)
HSLA T 45 394 1.04 × 10−3 0.20 0.210 (1a)
IF T 55 309 9.70 × 10−3 0.20 0.210 (1a)
[227] 0.1–0.13C, 1.09–1.25Mn, 0.25–0.34Si, 0.032–0.047Al, (0.018–0.047)Ti CSiMn T 290 279 1.02 × 10−1 0.22 0.164 0.95 (4a)
CMnSi T 46 296 1.02 × 10−1 0.22 0.116 0.95 (4a)
[63] 0.19C, 0.4Mn, 0.2Si, 0.11Cr CSiMn C 194 3.85 × 10−2 0.115 (1b)
[228] 0.0024C, 1.7Mn, 0.17Si, 0.021Al, 0.014Ti, 0.11Nb TiNb IF T 305 1.03 ×10−2 0.160 0.61 (1b)
[229] 0.12C, 0.85Mn, 0.08Si, 0.05Cr, 0.0015B Low C C <170 5.50 × 10−4 0.50 0.100 0.80 (1a)
[198] 0.25–0.45C, 0.67–1.5Mn, 0.05–0.6Si, (0.12–0.97)Cr, (0.15)Mo,(0.015–0.017)Ti, (0.1)V VTi T 296 3.80 × 10
−1 0.157 0.62 (4b)
Ti T 258 3.51 × 10−1 0.186 (4b)
CMn T 318 3.90 × 10−1 0.158 0.65 (4b)
VTi T 2.35 × 10−1 0.157 (4b)
Ti T 2.94 × 10−1 0.166 (4b)
CMn T 2.52 × 10−1 0.158 (4b)
[230] 0.2–0.3C, 1.9–2Mn, 0.6–1.2Si, 0.0061–0.0279Al, 0.1–0.2Ni,0.2–0.3Mo, 0.002–0.003Ti, 0.01V B C 46 270 5.37 × 10
−2 0.082 (1b)
B C 63 270 2.24 × 10−2 0.122 (1b)
B C 56 270 3.63 × 10−2 0.092 (1b)
[121,231] 0.002C, 0.13Mn, 0.02Si, 0.03Al, 0.037Cr, 0.025Ni, 0.008Mo, 0.062Ti,0.002Nb, 0.002V Ti IF C <230 344 4.00 × 10
−5 0.44 0.220 0.43 (1a)
[134] 0.0015–0.0028C, 1.1–21.1Mn, 0.005–0.018Si FeMn T 230 2.89 × 10−2 0.114 (1b)
FeMn T 350 1.69 × 10−2 0.096 (1b)
FeMn T 317 1.70 × 10−2 0.108 (1b)
FeMn T 301 1.97 × 10−2 0.111 (1b)
FeMn T 279 1.62 × 10−2 0.129 (1b)
[232] 0.048–0.051C, 0.224–0.228Mn, 0.014–0.024Si, 0.05–0.071Al,
0.02–0.021Cr, 0.011–0.014Ni, 0.001–0.005Mo, 0.002Ti,
0.001–0.002Nb, 0.001–0.002V, 0.0004–0.0011B
B C 50 388 4.10 × 10−4 0.30 0.145 0.80 (1a)
B C 99 351 3.40 × 10−4 0.30 0.170 0.80 (1a)
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[233] 0.051C, 1.18Mn, 0.082Si, 0.042Al, 0.041Nb X52 R 241 1.90 × 10−3 0.50 0.170 0.84 (1a)
[201] 0.131–0.151C, 0.996–1.51Mn, 0.286–0.46Si, (0.241–0.258)Cr,
(0.143–0.156)Mo, 0.009–0.011Ti, 0.001–0.016Nb, 0.017–0.046V
NbTiV R 200 325 3.70 × 10−3 0.15 0.155 0.77 (6)
[60] 0.03–0.5C, (17)Mn, 17–18.5Cr, (8.9)Ni CrNi T 1.70 × 10−2 0.090 (1b)
CrMn T 1.20 × 10−2 0.070 (1b)
[234] 0.02C, 0.28Al, 10.21Cr, 10.11Ni, 5.06Mo, 1.05Ti PH C 432 3.52 × 10−4 0.138 0.70 (1b)
[235] 0.02C, 0.3Si, 10.21Cr, 10.11Ni, 5.06Mo, 1.05Ti, 1.03V V PH C 460 4.30 × 10−4 0.140 0.70 (1b)
[236] 0.02C, 0.3Si, 10.21Cr, 10.11Ni, 5.06Mo, 1.05Ti PH C 460 4.30 × 10−4 0.139 (1b)
[55] 0.05–0.12C, 1.42–1.58Mn, 0.04–0.33Si, 0.023-0.039Al, (0.15–0.31)Mo,0.001–0.007Ti, 0.028–0.035Nb NbMo T <805 325 3.70 × 10
−3 0.15 0.155 0.77 (6)
[237] 0.157–0.233C, 1.47–1.54Mn, 0.45–1.365Si SiMn C 306 9.40 × 10−2 0.20 0.160 (4a)
CMn C 269 9.40 × 10−2 0.20 0.160 (4a)
[238] 0.094–0.1C, 0.5Mn, 0.15Si, 0.029–0.03Al, (0.034)Nb CMn T 0.15 0.150 (1a)
CMnNb T 0.15 0.150 (1a)
[239] 0.092C, 1.67Mn, 0.19Si, 30.3Ni, 1.51Mo Fe30Ni C 120 480 9.20 × 10−6 0.230 0.70 (1b)
[240] 0.166C, 1.17Mn, 0.3Si CMn C R 300 5.60 × 10−4 0.30 0.170 (1a)
[120] Not reported - T 0.48
[241,242] 0.043C, 1.635Mn, 0.285Si, 16.679Cr, 10.225Ni, 2.7Mo AISI 316 C 46 398 4.90 × 10−1 0.127 (4b)
[243] Not reported CMn R <150 4.88 × 10−4 0.90 0.170 1.00 (1a)
[39,40] 0.02C, 1.6Mn, 18.5Cr, 8.2Ni AISI 304 T 35 400 0.150 0.60 (1b)
[244] 0.45C, 0.63Mn, 0.28Si, 0.96Cr, 0.19Mo 42CrMo C 463 2.92 × 10−3 0.102 0.80 (1b)
[102] 0.02C, 1.6Mn, 18.5Cr, 8.2Ni, 0.1Mo AISI 304 T <60 400 2.65 × 10−1 0.055 (1b)
2.13 × 10−1 0.056 (1b)
[64,245] 0.45C, 0.63Mn, 0.28Si, 0.96Cr, 0.19Mo 42CrMo C 3.80 × 10−4 0.43 0.211 0.70 (11a)
[246] 0.45C, 0.63Mn, 0.28Si, 0.96Cr, 0.19Mo 42CrMo C 321 1.76 × 10−1 0.008 (1b)
[247] 0.2C, 1.2Mn, 0.4Si, 0.02Al, (0.03)Nb 20MnSi C 135 359 0.52
20MnSiNb C 135 419 0.52
[248] 0.13C, 0.17Mn, 0.01Si, 10.45Cr, 0.7Ni, 1.18Mo, 0.02Nb, 0.23V, 0.004B 12Cr C 439 0.80
[249] 0.1C, 1.25Mn, 0.2Si, 0.002Al, 0.011Ti, 0.03V Ti T <70 312 5.77 × 10−3 0.30 0.120 (1a)
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[250] 0.11–0.13C, 1.15–1.25Mn, 0.15–0.18Si, (0.015–0.031)Ti,(0.038–0.039)Nb Low C C 335 2.50 × 10
−4 0.50 0.149 0.65 (1a)
Low C C 423 3.50 × 10−4 0.50 0.152 0.65 (1a)
Low C C 361 2.60 × 10−4 0.50 0.150 0.65 (1a)
Low C C 436 2.90 × 10−4 0.50 0.149 0.65 (1a)
[251] 0.0135C, 1.48Mn, 0.33Si, 17.1Cr, 11.5Ni, 2.525Mo AISI 316L C 270 460 4.73 × 10−1 0.03 0.035 0.70 (1a)
[252] 0.38C, 1.4Mn, 0.65Si, 0.16Cr, 0.04Ni, 0.02Ti, 0.1V V C 110 306 1.12 × 10−2 0.125 0.80 (1b)
[253] 0.08–0.7C, 0.55–1.55Mn, 0.05–0.28Si, (0.07)Al, 0.07–0.23Cr, (0.33)Ni,
(0.028)Nb, (0.049)V, (0.0005–0.0015)B
Low C C 338 0.80
High C C 316 0.80
NbV 0.80
[254] 0.0038–0.042C, 1.464–1.469Mn, 0.297–0.354Si, 0.0021–0.0029Al,0.0037–0.004V, 0.0029–0.0105B B C 86 270 7.97 × 10
−3 0.160 1.00 (1b)
B C 270 9.35 × 10−3 0.150 1.00 (1b)
B C 270 1.41 × 10−3 0.130 1.00 (1b)
B C 80 270 1.61 × 10−3 0.120 1.00 (1b)
[255] 0.18C, 1.11Mn, 0.71Si 20SiMn C <40 318 5.00 × 10−3 0.12 0.127 0.80 (1a)
[57] 0.026C, 1.49Mn, 0.15Si, 0.097Nb HTP R <1200 0.15 0.030 (7a)
[65] 0.99C, 0.31Mn, 0.24Si, 1.44Cr, 0.05Ni, 0.02Mo GCr15 C 3.55 × 10−3 0.22 0.190 0.83 (11b)
[256] 0.42C, 0.75Mn, 0.2Si, 1.05Cr 41Cr4 C 295 9.80 × 10−3 0.127 (1b)
[257] 0.06C, 1.1Mn, 0.15Mo, 0.035Nb Nb R 325 2.80 × 10−3 0.15 0.155 (6)
[258] 0.1C Low C R 341 4.40 ×10−4 0.50 0.089 (1a)
[259] 0.72-0.83C, 0.45-0.75Mn, 0.25Si, (0.04)Al, 0.1-0.3Cr Eutectoid M <124 129 1.73 × 10−2 0.18 0.145 (1a)
[260] 0.05C, 0.54Mn, 0.28Si Low C TE 120 307 9.10 × 10−4 0.48 0.130 0.65 (1a)
[261] 0.18C, 1.87Mn, 0.48Si, 1.18Al, 0.03Nb TRIP C <106 420 1.05 × 10−3 0.11 0.145 0.79 (1a)
[262] 0.032–0.035C, 0.367–0.372Mn, 0.239–0.26Si, 1.13–1.144Cr,
1.91–1.93Ni, 0.007Mo, 0.193–0.195V, 0.0003–0.0117B
AHSS C 31 270 6.48 × 10−3 0.180 (1b)
AHSS C 40 1.71 × 10−3 0.230 (1b)
[263] 0.06C, 1Mn, 0.8Si, 13Cr AISI 410 C 448 1.85 × 10−2 0.072 (1b)
[123,264–267] 0.03C, 0.6Mn, 0.54Si, 15.14Cr, 4.53Ni, 0.19Mo, 0.25Nb, 0.005V 17-4PH C 337 1.80 × 10−2 0.110 0.47 (1b)
[66] 0.45C, 0.63Mn, 0.28Si, 0.96Cr, 0.19Mo 42CrMo C 463 7.28 × 10−4 0.31 0.211 (11a)
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[268–270] 0.06C, 1Mn, 0.8Si, 13Cr AISI 410 C 448 3.00 × 10−3 0.120 0.80 (1b)
7.00 × 10−3 0.090 (1b)
[271,272] 0.09C, 1.55Mn, 0.4Si, 0.028Al, 0.013Ti, 0.031Nb NbTi T 375 8.59 × 10−4 0.189 0.64 (1b)
[273] 0.19C, 0.75Mn, 0.21Si Low C C 124 140 0.95
[68] Not reported AISI 304 C 373 6.00 × 10−2 0.070 0.46 (1b)
[274] 0.055C, 0.363Mn, 0.016Si, 0.033Al SPHC C 299 9.30 × 10−4 0.200 (1b)
[140] 0.024–0.072C, 1.18–1.6Mn, 0.16–0.23Si, 0.027–0.058Al, 0.02–0.1Nb Nb HSLA C <65 373 0.230 (1a)
[56] 0.11C, 1Mn, 0.11Si, 0.03Al, 0.034Nb Nb T 365 402 0.50 0.170 (6)
[275] 0.14C, 14.94Mn, 0.48Si, 22.58Cr, 0.42Ni High N C 747 0.56
[276] 0.05–0.06C, 1.75–1.85Mn, 0.18–0.2Si, 0.08–0.095Mo, 0.015Ti X80 C 365 0.51
X100 C 395 0.49
[277] 0.34C, 1.52Mn, 0.72Si, 0.0145Al, 0.018Ti, 0.083V Med. CV C 394 7.90 × 10−3 0.103 0.62 (1b)
[278] 0.04C, 0.72Si, 16.1Cr, 25.5Ni, 5.8Mo 16Cr25Ni C 484 0.60
[279] 0.45C, 0.63Mn, 0.28Si, 0.96Cr, 0.19Mo 42CrMo C >85 600 1.67 × 10−1 0.067 0.37 (4b)
[280] 0.04C, 0.78Mn, 0.25Si, 0.62Cr, 3.55Ni, 0.64Mo, 0.009Ti, 0.033Nb,0.015V HSLA100 C 377 1.40 × 10
−2 0.110 (1b)
[281] 0.16C, 0.46Mn, 0.28Si, 11.98Cr, 0.12Ni, 0.029Mo, 0.22Nb, 0.0128V 403Nb C 367 1.90 × 10−3 0.161 0.66 (1b)
[282] 0.03C, 25.45Mn, 3.06Si, 2.88Al TWIP C 150 406 8.65 × 10−3 0.087 0.70 (1b)
[283] 0.084C, 1.049Mn, 0.199Si, 0.038Al, 0.019Cr, 0.017Ni, 0.007Mo,0.003Ti, 0.026Nb, 0.003V Nb C 60 379 1.02 × 10
−4 0.50 0.184 (1a)
[284] 0.57C, 23.2Mn, 0.17Si, 0.01Al, 0.31Cr, 0.19Ni, 0.04Mo Fe26Mn06C C 90 439 4.79 × 10−3 0.112 0.55 (1b)
[285] 0.0038–0.042C, 1.464–1.469Mn, 0.297–0.354Si, 0.0021–0.0029Al,0.0037–0.004V, 0.0029–0.0105B B C 83 0.53
[286] 0.33C, 0.67Mn, 0.32Si, 1Cr, 0.21Mo AISI 4130 C 491 9.80 × 10−3 0.080 0.80 (1b)
[287] 0.18C, 1.42Mn, 0.18Si, 0.13Cr, 0.89Ni, 0.5Mo SA508-3 C 20 333 3.63 × 10−3 0.46 0.092 0.85 (1a)
[288] 0.12C, 1.55Mn, 0.25Si, 0.033V MnCuV C 551 2.19 × 10−4 0.141 (1b)
1.35 × 10−4 0.145 (1b)
[289] 0.097C, 0.5Mn, 0.34Si, 8.87Cr, 0.27Ni, 0.48Mo, 0.076Nb, 0.2V,0.0032B P92 C 437 0.80
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[290] 0.16C, 1.53Mn, 0.52Si, 0.027Nb Nb C 360 0.80
[291] 0.45C, 0.63Mn, 0.28Si, 0.96Cr, 0.19Mo 42CrMo C <155 247 7.28 × 10−4 0.31 0.210 0.70 (1a)
[292] 0.05C, 1.56Mn, 0.23Si, 0.033Al, 0.02Ni, 0.17Mo, 0.015Ti, 0.046Nb X70 C 393 2.60 × 10−4 0.216 0.40 (1b)
[293] 0.27C, 0.3Mn, 0.2Si, 1.5Cr, 3.7Ni, 0.35Mo, 0.1V 26NiCrMoV14-5 C 437 1.10 × 10−3 0.159 0.70 (1b)
[294] 0.17C, 0.68Mn, 0.22Si Q235A C <450 495 2.28 × 10−5 0.198 (1b)
[295] 0.05C, 1Mn, 0.8Si, 13.09Cr 13Cr C 176 413 6.00 ×10−4 0.430 0.68 (1b)
2.80 × 10−4 0.450 (1b)
[231,296] 0.002C, 0.13Mn, 0.02Si, 0.03Al, 0.037Cr, 0.025Ni, 0.008Mo, 0.062Ti,0.002Nb, 0.002V Ti IF T 0.43
[297,298] 0.42C, 1.33Mn, 0.76Si, 0.13Cr, 0.017Ni, 0.02Ti, 0.1V 38MnVS C 275 4.27 × 10−2 0.130 0.80 (1b)
4.67 × 10−3 0.110 (1b)
[299] 0.45C, 1.22Mn, 0.25Si, 0.032Al, 0.15Cr, 0.12V AlVN aircool. C 130 420 6.90 × 10
−3 0.100 0.65 (1b)
AlVN water
cool. C 130 480 5.60 × 10
−3 0.090 (1b)
AlVN water
cool. C 3.90 × 10
−3 0.080 (1b)
[300] 0.56C, 15.83Mn CuFe16Mn06C C 505 9.08 × 10−2 0.019 (1b)
3.32 × 10−2 0.028 (1b)
[301] 0.105C, 0.7Mn, 0.5Si, 11.25Cr, 0.5Ni, 0.425Mo, 0.07Nb, 0.225V,0.005B T122 C 440 1.63 × 10
−6 0.421 (5)
[75] 0.1C, 1Mn, 0.17Si, 0.02Al, 12Cr, 1Ni, 1Mo, 0.2V, 0.001B CNS-II F/M C 465 6.58 × 1012 0.551 0.50 (1b)
3.29 × 1015 0.678 (1b)
[302] 0.009C, 1.5Mn, 0.42Si, 20.1Cr, 25.59Ni, 4.49Mo AISI 904L C >200 459 5.24 × 10−6 0.250 (1b)
[303,304] 0.23–0.26C, 1.5–1.56Mn, 0.1–1.72Si, 0.1–1.79Al, 1–1.07Cr, 1–1.03Ni,
0.25–0.26Mo, 0.025Ti, 0.06Nb, 0.0051–0.006B
High Si C 396 1.97 × 10−3 0.149 (1b)
High Al C 310 3.13 × 10−2 0.100 (1b)
[305] 0.39C, 0.69Mn, 1.61Si, 0.91Cr, 1.82Ni, 0.42Mo, 0.07V 300M C <150 381 2.20 × 10−1 -0.25 0.030 0.80 (1a)
[306] 0.02C, 1.76Mn, 18.38Cr, 8.37Ni, 0.4Mo AISI 304L C <140 392 0.53
[307] 0.55C, 0.75Mn, 1.3Si, 0.49Mo 55SiMnMo C 4.36 × 10−4 0.30 0.113 0.83 (11a)
[308] 0.36C, 1.42Mn, 0.27Si, 0.001Al, 0.089V Med. CV C 273 5.64 × 10−3 0.175 0.42 (1b)
2.81 × 10−4 0.262 (1b)
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[309] 0.02C, 0.82Mn, 0.87Si, 21.23Cr, 6.55Ni, 3.03Mo 1.4462 DSS C 526 4.05 × 10−3 0.110 (1b)
[310] 0.32C, 1.26Mn, 0.29Si, 1.9Cr, 0.97Ni, 0.39Mo 3Cr2NiMnMo C 97 346 0.80
[311] 0.07–0.09C, 1.2–1.51Mn, 0.04Al, 0.02–0.1Cr, 0.02–0.12Ni, 0–0.27Mo,
0.016–0.035Ti, 0.045–0.067Nb, 0.003V, 0.0003B
Low
CMoNbTi C 0.42
[312] 0.072C, 1.45Mn, 0.201Si, 0.023Al, 0.174Cr, 0.009Ni, 0.24Mo, 0.015Ti,0.047Nb, 0.05V X65 C 330 4.48 × 10
−3 0.153 0.60 (1b)
[313] 0.052–0.059C, 0.78–0.79Mn, 0.17Si, 0.22–0.24Cr, 4.99–5.19Ni,0.19–0.2Mo, 0.005–0.04Nb A340 C 394 0.83
B270 C 462 0.83
[314] 0.03C, 0.5Mn, 0.3Si, 29Ni Fe29Ni17Co C 423 1.70 × 10−3 0.160 (1b)
[315] 0.076C, 0.45Mn, 0.18Si, 0.025Al, 8.83Cr, 0.043Ni, 0.005Ti, 0.042Nb,0.19V, 0.013B G115 C 494 0.80
[316] 0.55C, 0.75Mn, 1.3Si, 0.49Mo 55SiMnMo C 319 2.67 × 10−3 0.132 0.45 (1b)
[317] 0.082C, 1.47Mn, 0.36Si, 0.053Al, 0.03Ni, 0.051Nb, 0.08V Nb C 208 3.70 × 10−3 0.15 0.155 (6)
[318] 0.018C, 1.2Mn, 0.27Si, 0.04Al, 0.1Mo, 0.021Ti, 0.06Nb, 0.003V X70 C 19 418 2.80 × 10−3 0.129 (1b)
[319] 0.08C, 1.06Mn, 0.2Si, 0.5Cr, 0.28Ni, 0.18Mo, 0.01Ti, 0.04Nb Low C C <75 442 4.68 × 10−3 0.109 0.53 (1b)
1.52 × 10−2 0.059 (1b)
[320] 0.99C, 0.31Mn, 0.23Si, 0.022Al, 1.47Cr, 0.04Ni, 0.02Mo GCr15 C 356 1.00 × 10−2 0.440 0.80 (11)
[135] 0.15–0.47C, 0.63–1.73Mn, 0.24–0.47Si, 0.007–0.012Al, 0.075-0.22Cr,0.01–0.034Mo CMnSi C 104 270 6.90 × 10
−3 0.163 0.53 (1b)
CMnSi C 70 270 6.44 × 10−3 0.168 0.53 (1b)
CMnSi C 90 270 7.82 × 10−3 0.160 0.53 (1b)
CMnSi C 65 270 6.75 × 10−3 0.166 0.53 (1b)
CMnSi C 101 270 7.99 × 10−3 0.146 0.53 (1b)
CMnSi C 82 270 7.63 × 10−3 0.152 0.53 (1b)
CMnSi C 100 270 8.30 × 10−3 0.148 0.53 (1b)
CMnSi C 103 270 8.38 × 10−3 0.149 0.53 (1b)
[321] 0.43C, 1.451Mn, 0.623Si, 0.017Al, 0.198Cr, 0.017Ti, 0.113V 38MnVS6 C 348 5.80 × 10−3 0.123 0.77 (1b)
[322] 0.021C, 1.25Mn, 0.09Si, 9.37Cr, 0.06Nb, 0.15V NS C 451 0.45
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[67] 0.96C, 0.36Mn, 0.19Si, 1.46Cr, 0.08Ni, 0.02Mo GCr15 C <203 3.38 × 10−2 0.03 0.197 0.78 (11a)
[323] 0.19C, 1.5Mn, 0.37Si, 0.019Ti, 0.06V Low CVN C 309 1.05 × 10−2 0.112 0.48 (1b)
9.18 × 10−3 0.095 (1b)
[324] 0.024–0.027C, 1.08–1.43Mn, 0.38–0.59Si, 0.003–0.012Al,
17.13–18.21Cr, 8.11–9.11Ni, 0.001–0.346Ti, 0.0003–0.0031B
AISI 304 C 446 1.80 × 10−3 0.130 0.68 (1b)
AISI 321 C 465 1.90 × 10−3 0.130 0.69 (1b)
[325] 0.0055–0.37C, 1.45–1.46Mn, 0.38Si, 0.001Al, 0.08–0.089V V C 288 7.75 × 10−3 0.156 0.39 (1b)
V C 280 1.92 × 10−3 0.174 0.38 (1b)
V C 5.65 × 10−3 0.170 (1b)
V C 1.57 × 10−3 0.182 (1b)
[124] Not reported AISI 304 C 0.68
[326] (0.055–0.36)C, (1.41–1.42)Mn, (0.27–0.35)Si, (0.001)Al,(0.036–0.044)Nb CMn C 278 1.16 × 10
−2 0.140 0.39 (1b)
Nb C 347 2.63 × 10−2 0.009 0.45 (1b)
Nb C 360 1.57 × 10−3 0.183 0.34 (1b)
CMn C 3.27 × 10−3 0.153 (1b)
Nb C 2.86 × 10−3 0.141 (1b)
Nb C 1.17 × 10−3 0.157 (1b)
[327] 0.025C, 1.74Mn, 0.2Si, 17.57Cr, 12.15Ni, 2.53Mo AISI 316L C 433 2.36 × 10−1 0.022 (1b)
[328] 0.1C, 1.35Mn, 0.03Si, 0.01Al Low CS C 330 1.00 × 10−2 0.110 0.50 (1b)
[329] 0.04C, 1.61Mn, 0.17Si, 0.014Ti, 0.06Nb, 0.03V NbTiV C 804 332 2.27 × 10−3 0.15 0.160 0.68 (1a)
[330] 0.06C, 1.5Mn, 0.6Si, 0.03Al, 0.03Ti, 0.03Nb, 0.01V CMnVNb C <135 210 1.60 × 10−1 0.42 0.160 0.80 (1a)
[331] 0.11C, 21Mn, 2.7Si, 1.6Al TWIP C 4.74 × 10−2 0.052 0.43 (1b)
0.009 (7b)
[332] 0.241C, 1.538Mn, 0.287Si, 0.026Al, 0.197Cr, 0.002Ti, 0.049Nb, 0.12V Med. CNbV C 458 1.72 × 10−3 0.132 0.37 (1b)
3.04 × 10−3 0.090 (1b)
[333] 0.45C, 1.2Mn, 0.15Si, 0.02Al, 0.1Cr, 0.2Ni, 0.05Mo, 0.08V S45CVMn C 140 379 8.15 × 10−3 0.107 0.68 (1b)
5.46 × 10−3 0.112 (1b)
[334] 0.36C, 0.65Mn, 0.22Si, 0.95Cr, 0.2Mo 35CrMo C 100 305 6.98 × 10−4 0.30 0.168 0.80 (1a)
[335] 0.28C, 0.22Mn, 0.006Si, 0.007Al, 1.85Cr, 3.35Ni, 0.42Mo, 0.089V 30Cr2Ni4MoV C 368 8.18 × 10−3 0.113 0.83 (1b)
[336] 0.009C, 1.5Mn, 0.42Si, 20.1Cr, 25.59Ni, 4.49Mo 904L SASS C 443 1.35 × 10−5 0.240 0.59 (1b)
4.16 × 10−6 0.250 (1b)
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[337] 0.09–0.15C, 0.4–0.41Mn, 0.29–0.43Si, 0.0026–0.0048Al, 1.3–1.33Cr,
2.26–2.44Ni, 0.22–0.24V, (0.0014–0.0214)B
B C 270 1.90 × 10−2 0.110 (1b)
B C 270 2.30 × 10−2 0.100 (1b)
B C 270 2.00 × 10−2 0.110 (1b)
B C 270 1.00 × 10−2 0.140 (1b)
B C 270 1.20 × 10−2 0.130 (1b)
B C 270 6.30 × 10−3 0.160 (1b)
[338] 0.04C, 1.26Mn, 0.31Si, 16.05Cr, 10Ni, 2.01Mo 316 C 55 368 1.90 × 10−2 0.090 0.65 (1b)
[339] 0.4C, 0.7Mn, 0.3Si, 0.015Al, 0.9Cr 40Cr C 2.40 × 10−2 0.125 0.82 (11)
[340] 0.034C, 0.91Mn, 0.38Si, 13.18Cr, 5.11Ni, 0.86Mo F6NM C 458 0.66
[341] 1.02C, 1.07Mn, 0.55Si, 1.49Cr GCr15SiMn C 304 3.46 × 10−1 0.057 (4b)
[342] 0.18C, 1.42Mn, 0.18Si, 0.13Cr, 0.89Ni, 0.5Mo SA508-III C <1200 373 1.50 × 10−3 0.171 (1b)
[343] 0.052C, 1.63Mn, 0.2Si, 0.2Cr, 0.19Ni, 0.002V X70HD C 358 0.026 (7b)
[344] 0.29–0.3C, 0.55–0.6Mn, 0.38–0.4Si, 1.2–1.97Cr, (2.2)Ni, 0.3–0.34Mo,(0.06)Ti 4135 C 374 4.81 × 10
−3 0.126 (1b)
VCN200 C 435 3.45 × 10−3 0.123 (1b)
[345] 0.3C, 2.2Mn, 0.2Si, 1.4Cr, 0.275Mo, 0.035Nb MnCrNbSPD1 C 257 1.05 × 10
−3 0.224 (1b)
4.87 × 10−5 0.293 (11)
[346] 0.015C, 0.7Mn, 0.5Si, 20Cr, 18Ni, 6.2Mo 254SMO C 200 578 8.00 × 10−2 0.115 0.72 (4b)
578 5.00 × 10−2 0.129 (4b)
[139] 0.035–0.52C, 0.14–1.58Mn, 0.001–0.3Si, 0.01–0.122Al CMn C 91 321 0.200 0.65 (1a)
CMn C 290 321 0.190 (1a)
CMn C 98 300 0.200 (1a)
CMn C 300 300 0.210 (1a)
CMn C 50 333 0.150 (1a)
CMn C 218 333 0.160 (1a)
Metals 2020, 10, 135 43 of 58
Table A1. Cont.
Ref. Chemical Composition * Steel Test † d0 ‡ Qhw § κ − K n m − m′ Rε Eqn.
[347] 0.18C, 1.4Mn, 0.17Si, 0.022Al, 0.14Cr, 0.79Ni, 0.51Mo, 0.005V SA508-III C 376 1.38 × 10−3 0.172 (1b)
376 4.00 × 10−4 0.196 (1b)
[348] 0.52C, 0.33Mn, 0.2Si, 1.92Cr, 0.72Ni, 0.25Mo, 0.036Nb CrNimoNb C 386 1.07 × 10−2 0.100 0.37 (1b)
386 3.96 × 10−3 0.100 (1b)
[349] 0.06–0.5C, 0.42–0.68Mn, 0.12–0.2Si Low C C 53 270 6.20 × 10−3 0.53 (1b)
Med. C C 78 270 1.23 × 10−2 0.54
[350] 0.053C, 1.567Mn, 0.31Si, 0.236Ni, 0.246Mo, 0.014Ti, 0.0012B MnMoB C 9.72 × 10−4 0.146 (1b)
8.65 × 10−4 0.146 (1b)
* [wt. %]; † C: compression, T: torsion, R: rolling, TE: tension, M: multiple techniques; ‡ [µm]; § [kJ·mol−1]. TRIP: transformation induced plasticity, TWIP: twinning-induced plasticity
steels, PH: precipitation hardening, HSLA: high-strength low-alloy.
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